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Lyman continuum leakage in faint star-forming galaxies at redshift z = 3-3.5 probed by gamma-ray bursts ⋆

Gamma-ray bursts (GRBs) are among the brightest cosmic events. These short-lasting (few seconds) flashes of gamma-ray photons are followed by a bright transient afterglow observable from the X-ray to the radio wavelengths. The class of long GRBs (LGRBs) is associated with the death of massive stars. LGRBs occur typically in faint galaxies with high specific star formation rates and sub-solar metallicity environments. Their hosts could be representative of the bulk of the galaxy population at the epoch of reionisation, which is still poorly known. LGRBs as probes of galaxies in the high-redshift Universe offer some unique advantages: (i) the flash of gamma-ray photons pinpoints galaxies at all redshifts independently of their emission properties; (ii) due to their exceptional brightness, LGRB afterglows can be used as distant lighthouses able to unveil the interstellar medium (ISM) of even the faintest and most distant galaxies, with details inaccessible otherwise; (iii) the LGRB afterglow emission fades quite quickly, enabling the study of LGRB host galaxies.

The aim of this PhD thesis is to use LGRBs to study and interpret some of the properties of faint, high-redshift, star-forming galaxies. To this purpose, I combine the information on the ISM obtained through the absorption lines present in the afterglow spectra to that of the ionised gas obtained from the emission lines in the host galaxy spectra. Moreover, I use numerical simulations to push further the interpretation of the data.

The first part of this thesis shows that LGRB afterglows are powerful tools to detect Lyman continuum (LyC) leakage from very faint galaxies and to characterise the pathways of ionising photon escape. I present the results on the observations of LyC emission in the afterglow spectrum of a recently discovered LGRB. I add to my analyses the two other previously known LyC-LGRBs emitters, in order to determine their LyC escape fraction and to compare their properties. The escape fractions calculated along the LGRB sightline of the three host galaxies are substantial and increase the statistics of the rarely detected LyC leakers, especially at very faint absolute magnitude.

The second part of this thesis is dedicated to the study of the population of LGRB host galaxies being Lyman-alpha emitters (LAEs). I update the census of LAE-LGRB host galaxies by providing a compilation of all available detections, and by determining the LAE statistics from spectroscopic samples of LGRB host galaxies and afterglows. I compare the LAE-LGRB properties to those of LAE samples in the literature. Furthermore, I select a subsample of four LAE-LGRBs for which it is possible to measure the main parameters needed to constrain the shell-model fitting of the Lyα emission line. The model gives inconsistent results for the LAE-LGRBs with the highest HI column densities, which are typical of LGRB hosts and LAE-LGRBs. This might suggest that LGRB sightlines may not be representative of the more global pathways of Lyα escape. It could also imply that the detected Lyα emission does not predominantly escape from the young star-forming regions, rich of massive stars, where LGRBs take place. I investigate these results through simulations by using a simulated galaxy at z = 3 with properties typical of LGRB hosts. I find that the Lyα photons escape from multiple regions within the galaxy rather than from a dominant, young star-forming region likely hosting a LGRB.

This thesis highlights that observations of LGRB afterglows and host galaxies are powerful tools to explore the properties of faint and distant galaxies.
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Résumé

Les sursauts-gamma (GRBs) sont parmi les événements cosmiques les plus brillants. Ces flashs de photons gamma de courte durée sont suivis d'une rémanence brillante observable des rayons X aux ondes radio. La classe des sursauts-gamma longs (LGRBs) est associée à la mort d'étoiles massives. Les LGRBs se produisent généralement dans des galaxies peu brillantes avec des taux de formation stellaire spécifiques élevés et des environnements à métallicité inférieure à la métallicité solaire. Leurs hôtes pourraient être représentatifs de la population de galaxies présente à l'époque de la réionisation, encore mal connue. L'utilisation des LGRBs comme sondes des galaxies dans l'Univers distant offre des avantages uniques : (i) le flash de photons gamma nous permet de détecter des galaxies à tous décalages spectraux indépendamment de leurs propriétés d'émission; (ii) grâce à leur forte luminosité, les LGRBs peuvent être utilisés comme des phares capables de révéler le milieu interstellaire (MIS) des galaxies même les plus faibles et les plus éloignées, en apportant des détails inaccessibles autrement; (iii) la rémanence des LGRBs s'estompe rapidement, permettant l'étude des galaxies hôtes.

Le but de cette thèse est d'utiliser les LGRBs pour étudier certaines des propriétés des galaxies à formation d'étoiles, distantes et faibles. Pour cela, je combine les informations sur le MIS obtenues par les raies d'absorption présentes dans les spectres de rémanence à celles du gaz ionisé obtenues par les raies d'émission de la galaxie hôte. De plus, j'approfondie l'interprétation des données à l'aide de simulations numériques.

La première partie de cette thèse montre que les LGRBs sont des outils puissants pour détecter l'échappement de photons ionisants de galaxies très faibles et caractériser les voies par lesquelles cela se produit. Je présente les résultats de l'observation d'émission LyC dans le spectre de rémanence d'un LGRB nouvellement découvert. Cette détection est complétée par les observations de deux autres galaxies hôtes de LGRBs pour lesquelles un échappement de LyC est connu, afin de déterminer leur fraction d'échappement en LyC et de comparer leurs propriétés. Les fractions d'échappement calculées le long de la ligne de visée du LGRB sont élevées, et augmentent le nombre de détections des émetteurs LyC, en particulier à des magnitudes absolues très faibles.

La deuxième partie de mon travail est consacrée à l'étude de la population des galaxies hôtes de LGRB étant émetteurs Lyman-alpha (LAE). Je mets à jour le recensement de ces galaxies en fournissant une compilation de toutes les détections disponibles, et en déterminant les statistiques de LAEs à partir d'échantillons spectroscopiques de galaxies hôtes de LGRB et de rémanences. A partir de cette étude, je sélectionne un sous-échantillon de quatre galaxies pour lesquelles on peut mesurer les principaux paramètres nécessaires pour contraindre le modèle de coquille utilisé pour interpréter la raie d'émission Lyα. Le modèle donne des résultats inconsistents pour les LGRB-LAEs qui présentent les densités de colonne d'hydrogène neutre les plus élevées, pourtant typiques des hôtes de LGRB et des LGRB-LAEs. Ce résultat amène à une réinterprétation des informations sondées le long de la ligne de visée des LGRBs et de l'échappement des photons Lyα. Enfin, ces résultats sont approfondis à travers la simulation numérique d'une galaxie à z = 3 ayant des propriétés typiques des galaxies hôtes de LGRB. Je trouve que les photons Lyα s'échappent de plusieurs régions au sein de la galaxie plutôt que d'une seule région dominante jeune et active qui pourrait iv héberger le LGRB.

Cette thèse montre que les observations de la rémanence des LGRBs et de leur galaxie hôte sont des outils puissants permettant d'explorer les propriétés des galaxies faibles et distantes. 

The discovery of gamma-ray bursts

Gamma-ray bursts (GRBs) are the most powerful electromagnetic phenomena observable in the Universe. The gamma rays being, fortunately for us, stopped by the Earth's atmosphere, the first detections occurred in the era of the satellites, back to the late 60s (during the Cold War) and in fact is a spy story. The increasing race for the nuclear primacy pushed the Soviet Union, United States and United Kingdom to sign the Partial Nuclear Ban Treaty (PNBT) in 1963 to prohibit most of nuclear tests. With the goal to verify the respect of this agreement, the United States undertook a large program, named Project Vela. This project consisted of ground and space based observatories to catch seismic and light signatures of illicit nuclear tests by the Soviet Union. Six satellite pairs were launched by the Los Alamos and Sandia National Laboratories during the 1960s to detect gamma-ray emissions produced during nuclear explosions. They effectively detected spurious flashes of gamma rays lasting a few seconds the first one of which was detected on July 2 nd 1967. The poor resolution of the detectors compared to today's standards didn't allow the localisation of the sources but an astronomical origin was suspected. These unexplained phenomena were kept secret to the public. It is only in 1973, after declassification by the military agencies, that the first paper (Klebesadel et al. 1973) reporting the discovery of GRBs as astronomical sources was published, marking the start of a new branch of astronomy.

First steps in GRB science

The discovery of GRBs was followed by a long period of debates. Because of the limited instrumental technologies available up to the early 1990's, it was not possible to bring new constraints to deeply understand the phenomenon. This gave birth to many hypothesis trying to explain the nature and origin of these high-energy signals. In 1994, there were more than 100 models trying to explain the progenitors of GRBs (Nemiroff 1994), among which some of the most famous examples are: the shock-breakout of a supernova [START_REF] Colgate | [END_REF], relativistic metal grains entering the Solar System (Grindlay & Fazio 1974), bright stellar flares (Brecher & Morrison 1974), runaway nucleosynthesis on a white dwarf (Hoyle & Clayton 1974) or evaporation of primordial black holes (Hawking 1974). But beyond the concern of their progenitors, the most intriguing question was to determine if the origin of these events were Galactic or cosmological.

The first hint on the origin of GRBs came from the Burst And Transient Source Experiment (BATSE) on-board the Compton Gamma-Rays Observatory (CGRO). It was the first successful experiment in localising such sources and thanks to its large field of view of ∼ 2π sr, it could determine the position of hundreds of GRBs. The sky projection of the 2704 GRBs observed during the ∼ 9 years mission of CGRO is shown in Figure 1.1. Unlike a concentration in the Galactic plane, their distribution is isotropic, independently from the fluence (flux integrated over the time of the event). Such a map provided the first evidence that GRBs are extragalactic phenomena (e.g., Paciesas et al. 1999). 

Long & Short GRBs

The first observations of GRBs were limited to the gamma-ray domain. In 1991, the CGRO satellite was the first to collect a large amount of data with enough accuracy and statistics to extract a meaningful information from its detections. One of the first properties that can be extracted from the gamma-ray detection is the duration of the burst (T 90 1 ). The values collected in the BATSE 4B catalog (Paciesas et al. 1999) range from ∼ 0.01 s to ∼ 1000 s and are presented in Figure 1.2. The distribution shows a clear temporal bimodality (Kouveliotou et al. 1993;Paciesas et al. 1999) with a first peak at ∼ 0.3 s (for ∼ 1/3 of the bursts) and a second peak at ∼ 30 -40 s (for ∼ 2/3 of the bursts). This phenomenological separation led to the definition of two classes, the short GRBs (SGRBs) with T 90 < 2 s and the long GRBs (LGRBs) with T 90 > 2 s. These two classes are actually explained by different progenitors, as presented in the next section. Nevertheless, a classification based on T 90 only is not always trustworthy, especially at T 90 ∼ 2 s. For more reliability, a complete characterisation of the GRB properties and environment in which it occurs must be taken into account (e.g., Zhang et al. 2006;Gehrels et al. 2006). 1.2. AFTERGLOW ERA et al. 2009), LGRB afterglows are especially suitable as tools to investigate galaxies and star formation in the early Universe. LGRBs pinpoint star forming galaxies belonging to the faint end of the luminosity function and therefore are unique tools to study these objects (usually not sampled in galaxy surveys) up to the highest redshifts.

My thesis focuses on the use of LGRBs to study and interpret some of the properties of faint, high-redshift, star-forming galaxies. To this goal, I combine the information on the ISM obtained through the absorption lines present in the afterglow spectra to that obtained from direct host galaxy observations once the afterglow has faded. Therefore, in the rest of the introduction I will present the aspects on the study of GRBs linked to this subject.

Afterglow era 1.2.1 The BeppoSax satellite

A fundamental step in GRB science was the observation in 1997 of the first afterglow emission. It has been made in the X-rays by the BeppoSax satellite with the detection of GRB 970228 (e.g., Costa et al. 1997;van Paradijs et al. 1997;Frontera et al. 1997). The smaller error on the GRB position reached in the X-rays, compared to gamma-rays, allowed a more precise localisation of the GRB making possible the detection of the optical afterglow, still visible hours and days after the burst (e.g., Reichart 1997, and references therein). An optical spectrum of an afterglow was obtained for the first time through the observation of GRB 970508 with the Low Resolution Imaging Spectrograph (LRIS) on the Keck-II 1.3. GROUND-BASED FOLLOW-UP features that will potentially be observed during the follow-up are not known in advance. The observation of the afterglow with narrow spectral coverage can lead to completely missing absorptions or emissions shifted from the spectral range used. This constraint is then really important to be taken into account when organising the follow-up to determine the the GRB redshift and study the host galaxy properties. Since 2009, the VLT/X-shooter spectrograph (Vernet et al. 2011) is the most powerful instrument available for such studies. In principle, thanks to its large wavelength coverage, 300 -2500 nm, it allows the determination of the redshift of GRBs up z = 20 by detecting the Lyα line. During my PhD thesis, I mainly used data from this spectrograph.

The Stargate collaboration

The observational constraints described above have pushed the community to optimise the follow-up of GRBs and led the European community to form international collaborations to follow-up GRBs with ESO/VLT instruments. Nowadays, all the groups gathered into the Stargate4 collaboration (PIs: N. Tanvir, D. Malesani and S.D. Vergani). Stargate benefits of a total of ∼30 h per semester on several VLT instruments (MUSE, FORS, HAWKI, UVES and mainly X-shooter) for Target of Opportunity (ToO) and Rapid Response Mode (RRM 5 ) observations of GRB afterglows. The goal of the collaboration is to determine the redshift of a large sample of GRBs and obtain a large set of high-quality observations for particularly interesting cases. As observations have to be performed as soon as possible, two people within the collaboration are on duty 24h/24h on a weekly basis as Burst Advocate (BA). BAs have to react to the satellite alerts of a GRB detection and activate the follow-up observations. They are in charge of verifying the reliability of the alert, and according to the daytime at Paranal, to trigger the observations as soon as possible with the best suitable instrument(s). They are also responsible to perform rapidly the data reduction and analysis, and to quickly disseminate the results through a Gamma-ray Coordinates Network6 report (GCN) to inform the worldwide community. This allows other working groups to adapt the follow-up strategy and to maximise the scientific returns.

The collaboration benefits also of the participation of most of their members to other collaborations working on smaller telescope, fundamental to optically localise and monitor the afterglow evolution so as to optimise the strategy ESO observations. Despite the efforts of the worldwide community, optical GRB afterglow observations remain challenging. Still today, only 1/3 of GRBs localised by Swift have a redshift determination.

As member of the Stargate collaboration, I acted as BA and I had the opportunity to organise the follow-up of several GRBs, timely reduce and interpret the data and participate to the writing of GCNs (see List of publications). 1.4. LGRB HOST GALAXIES limit). Thanks to these features we can determine the precise redshift of the host (z = 3.97), the hydrogen column density and the metal abundances along the GRB line of sight, and the the metallicity of the gas ([Fe/H]= -2). GRBs are hence a unique way to detect and study a galaxy population that could not be investigated otherwise.

The association with massive stars and therefore with star-forming regions is also shown by detailed studies imaging LGRB host galaxies (e.g., Fruchter et al. 2006;Svensson et al. 2010;Lyman et al. 2017). Figure 1.11 shows a mosaic of HST images extracted from the study of Lyman et al. (2017) of 39 LGRB hosts at z < 3. They show that LGRBs occur typically in the luminous, central part of their host, at median galactocentric offset of ∼ 1.0 ± 0.3 kpc, in agreement with previous studies. Therefore, the afterglow of LGRBs probes the gas of the inner regions of such galaxies. In that sense, LGRB afterglow studies differ significantly from those done through quasar lines of sight. Indeed, QSOs probe random lines of sight with typical impact parameter of a few kpc (e.g., [START_REF] Zwaan | GRB 201221A: VLT/X-shooter afterglow discovery and spectroscopic redshift z = 5[END_REF], while LGRB afterglows systematically trace the star-forming region of their host. Similarly to QSOs, the bright LGRB afterglows can also be used as extragalactic background sources probing the gas on the entire line of sight. Therefore, they can provide an insight on the IGM and reionisation process directly from the faint star-forming galaxies present at the epoch of reionisation (see e.g., Lamb & Reichart 2000).

The difference between the environment probed with QSOs and LGRBs line of sight is illustrated in Figure 1.12. We can see that the neutral hydrogen column densities (N HI ) probed by both sources are significantly different. Through the observation of 12 000 QSO damped Lyα absorbers (DLAs), only a few systems with log(N HI /cm -2 ) > 22 have been identified (see e.g., Noterdaeme et al. 2012a). On the contrary, LGRBs probe such high N HI routinely (e.g., Fynbo et al. 2009;Selsing et al. 2019;Tanvir et al. 2019). The most recent distribution of N HI for LGRB absorbers (Tanvir et al. 2019) is presented in Figure 1.12 b). These dense HI regions are the place of young star-formation that contribute hugely to the ionising photon budget (e.g., Ramachandran et al. 2018). Therefore, LGRBs are particularly suitable to probe the surrounding gas of such regions and the pathways followed by the ionising radiation (see Chapter 3). 1.5. STRUCTURE OF THIS THESIS

Structure of this thesis

In part II of this thesis, I will focus on Lyman continuum (LyC) and show how LGRBs can be used to detect LyC leakage from faint star-forming galaxies. In particular, I present my results on the observations of LyC emission in the afterglow spectrum of a newly discovered LGRB. I add to my analyses the two other previously known LyC-LGRB emitters, in order to determine their LyC escape fraction and to compare their properties.

Part III is dedicated to the study of the population of LGRB host galaxies being Lymanalpha emitters (LAEs). After an introduction on the Lyα line and its interpretation, I present my work on LAE-LGRB host galaxies. I update the census of these objects by providing a compilation of all detections available to date and by determining the LAE statistics from spectroscopic samples of LGRB host galaxies and afterglows. In this study, I select a subsample of four LAE-LGRBs for which it is possible to measure the main parameters needed to constrain the shell-model fitting of the Lyα emission line. Finally, I present my work on the investigation through simulations of the possible association of high-HI column densities along LGRB sightlines and observation of substantial Lyα emission. I also provide an analysis on the location of the dominant absorbing HI gas and the escape of the Lyα photons relatively to the LGRB position.

In the section General conclusion & Perspectives, I summarise the results obtained during my PhD thesis, and the perspectives of this work. I also place the importance of such studies in the context of the future facilities.

Chapter 2

The Lyman continuum leakage The appearance of the first luminous objects in the Universe marks simultaneously the end of the Dark Ages and the beginning of the Epoch of Reionisation (EoR). At this stage, the energetic photons emitted by these sources started to reionise the dense neutral gas surrounding their birth place up to the diffuse one present in the intergalactic medium (IGM). Our knowledge of this EoR is still patchy, and to understand the cosmic reionisation history we need to know when the reionisation exactly occurred and how. A fundamental step is the determination of the number density, luminosity, clustering and production rate of ionising photons of the sources present at the EoR. It is also crucial to quantify the fraction of energetic photons able to escape their local medium and ionise the IGM (hereafter, the escape fraction of ionising photons f esc ). Despite considerable observational and theoretical efforts aimed at finding direct and indirect constraints, this fraction is far from being precisely known today. This chapter focuses the methods to determine f esc , the direct detections of ionising photons escape and their indirect indicators.

CHAPTER 2. THE LYMAN CONTINUUM LEAKAGE

The reionisation of the Universe

Cosmic history

In our current representation of the cosmic history, illustrated in Figure 2.1, shortly after the Big Bang the Universe was made of dissociated photons, electrons and protons. Within this hot and dense plasma, the average distance travelled by a photon before interacting with another particle was very short, making the Universe totally opaque to electromagnetic radiation. It is only when the Universe expanded sufficiently and increased the mean free path of photons, that the neutral hydrogen atoms could form by the combination of protons and electrons. This cooling period occurs approximately 370 000 years after the Big Bang, at redshift z ∼ 1100 and is called the Recombination. The coupled protons and electrons could no longer trap the photons which could then travel freely across the Universe. This decoupling of photons with matter occurred at a temperature of T rec ≈ 3000 K. The "first light" escaping during this transition is still visible today as a background radiation redshifted by the expansion of the Universe. This radiation is what we call the cosmic microwave background (CMB) and corresponds to a blackbody peaking at a temperature T = T rec /(1 + z rec ) = 2.7 K. After the emission of this radiation ∼ 13.5 billion years ago, it followed a long period, called Dark Ages, where the unique light present in the Universe consisted of these photons. Millions of years of cooling were needed to form the first stars and galaxies that produced the energetic photons capable to reionise the surrounding neutral hydrogen. The ionised regions around these bright sources expanded until reaching the cold and neutral IGM, resulting in the ionised state of the Universe known today. 20 2.1. THE REIONISATION OF THE UNIVERSE

Ionisation process

Ionisation is defined as the process by which an atom or a molecule acquires a negative or positive charge by gaining or losing electrons. At the EoR, the ionisation of neutral hydrogen was mainly driven by the absorption of photons with enough energy to unbind the electron from the HI atom. This photoionisation process of the neutral hydrogen can be written:

H 0 + γ -→ p + e -, (2.1) 
where γ is a photon of energy hν ≥ hν LL = 13.6 eV (1 Ryd) and ν LL = 3.29 × 10 15 Hz is the minimum frequency allowing the ionisation of the neutral hydrogen atom. It corresponds to the wavelength λ 912 = c/ν LL = 911.7641 Å, which marks the Lyman limit (LL). The photoionisation cross-section can be approximated as (Osterbrock 1989;[START_REF] Mo | Galaxy Formation and Evolution[END_REF],

σ LL (ν ≥ ν LL ) ≈ 6.3 × 10 -18 ν ν LL -3 , (2.2)
and is a measure of the probability that the interaction presented in Eq. 2.1 will occur. The corresponding optical depth of neutral hydrogen to ionising photons (λ ≤ λ 912 ) is:

τ LL (λ ≤ λ LL ) = σ LL (λ ≤ λ LL ) × N HI ≈ N HI 10 17.2 cm -2 λ λ LL 3 , (2.3) 
where N HI is the neutral hydrogen column density of the gas crossed by the photons.

The observational evidences of the EoR

The Lyα Forest and Gunn-Peterson trough

The state of the IGM during the cosmic history can be observationally constrained through the direct probe of the neutral hydrogen content. The photons emitted by a bright source with an energy greater than 13.6 eV will locally be absorbed and ionise the neutral hydrogen. The ionising photons that manage to escape or those with higher intrinsic wavelength will travel through the IGM and will be redshifted by a factor (1+z). Consequently, at some point the photons with λ emission < λ Lyα = 1215.67 Å will be seen redshifted at the Lyα wavelength in the rest-frame of neutral hydrogen gas encountered along their trajectory. The resonant scattering of the Lyα photons by neutral hydrogen will remove these photons from the line of sight of an Earth observer and create an absorption line in the spectrum of a bright object. This effect is schematically represented in Figure 2.2. The whole Lyα absorption lines created blueward of 1215.67 Å by multiple absorbers along a sightline is called the Lyα forest. This feature allows us to access the density and properties of low-and high-density HI regions and hence the neutral fraction of hydrogen as a function of redshift (see Rauch 1998 for a review). An example of the variation on the intensity and density of the Lyα forest, depending on the redshift of the source, is illustrated in Figure 2.3 with three spectra of quasars at z = 0.16, z = 3.62 and z = 6.13. With increasing redshift, the absorption lines in the Lyα forest become denser, until redshift z ∼ 6, where the density of neutral hydrogen in the IGM is high enough to cancel the flux blueward of the Lyα emission line (Becker et al. 2001;Fan et al. 2006). It is what we call the Gunn-Peterson trough (Gunn & Peterson 1965). Therefore, observations of this feature constrain the end of the cosmic reionisation. At the top, the main undulated line represents the light emitted by a distant galaxy and redshifted as it travels through the IGM. When this light encounters HI gas clouds, the redshifted photons (seen at λ Lyα = 1215.67 Å by the HI atoms) resonantly scatter producing four distinct absorption lines at different redshifts (z 1 < z 2 < z 3 < z 4 < z gal ). At the bottom, the black line represents the observed spectrum with a prominent Lyα emission line at the redshift of the galaxy (z gal ). The figure is adapted from astro.ucla.edu's web site.

Thomson scattering optical depth

To access the beginning of the EoR we can observe the effect of the decreasing neutral hydrogen density or inversely of the increasing number of ionised particles. This is in fact possible with Thomson scattering. This interaction occurs when a photon approaches a charged particle with an energy lower than the mass-energy of the particle. In that case, the photon accelerates the particle through the Lorentz force transferring its energy to the particle and being re-emitted further at the same frequency. At the edge of the EoR the number of free electrons in the IGM increases which consequently reduces the distance a photon can travel before interacting (scattering). The mean free path of the photons released during recombination (CMB) consequently decreases at this period due to the Thomson scattering.
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Gunn-Peterson trough allows us to constrain the period of reionisation to less than half a billion years between z = 10 and z = 6.

Other constraints

There are numerous other observations that provide valuable information on evolution of the state of the IGM and the process of its reionisation. Nevertheless, they are less constraining and still subject to debate. They come mostly from detailed analysis of the Lyα forest in high resolution spectra (e.g., Hui & Gnedin 1997;Theuns et al. 1998;Bolton et al. 2010); the observation of high-redshift Lyman break galaxies (e.g., Stark et al. 2009;Oesch et al. 2010Oesch et al. , 2014;;Bouwens et al. 2011;Bouwens et al. 2015;Schmidt et al. 2014;McLure et al. 2010McLure et al. , 2013) ) and the evolution of the number and properties of Lyman-alpha emitters with redshift (e.g., Stark et al. 2010;Kashikawa et al. 2011;Pentericci et al. 2011Pentericci et al. , 2014Pentericci et al. , 2016;;Matthee et al. 2014Matthee et al. , 2015;;Konno et al. 2014Konno et al. , 2018;;Santos et al. 2016;Ota et al. 2017;Bagley et al. 2017).

Opacity of the IGM

The neutral hydrogen is mainly re-ionised by z ∼ 6 but a small fraction remains present at 0 < z < 6. This neutral gas partly absorbs the photons at wavelength λ < 1215.67 Å. The nature of these absorbers is various, from intergalactic diffuse medium, cosmic filaments and galaxy halos to dense clouds and galaxy systems. The opacity of the IGM at z < 6 is mainly caused by systems with N HI > 10 17 cm -2 (Inoue & Iwata 2008). The stochastic nature and distribution of the absorbers imply that the attenuation varies significantly from a sightline to another. Therefore, a way to account for the attenuation caused by the IGM is to consider it statistically (e.g., [START_REF] Mo | Galaxy Formation and Evolution[END_REF]Giallongo & Cristiani 1990;Zuo & Lu 1993;Madau 1995;Inoue & Iwata 2008;Inoue et al. 2014). An absorber can be defined by three physical properties: its redshift, HI column density and Doppler parameter. Based on a large number of observations of quasar and galaxy sightlines, from different redshifts in the range z = 0 -7, it was possible (i) to probe the number density and the properties of the IGM absorbers, (ii) to determine the empirical distribution functions of the three parameters describing an absorber, and (iii) to use them in statistical predictions. Such estimation of the transmission of the IGM at any redshift has been calculated by performing Monte Carlo (MC) simulations such as in Inoue & Iwata (2008) and updated in Inoue et al. (2014). In the study presented in Section 3, we use these updated Monte Carlo simulations to estimate the attenuation by the IGM. They consist in a set of transmission curve generated for 10 000 lines of sight from a galaxy observed at a given redshift. Figure 2.4, shows the redshift evolution of the IGM transmission from Vanzella et al. (2015) and an example of median transmission curve (in red) for a galaxy at redshift z = 3.5.

Lyman continuum emitters

What kind of sources produced the photons that re-ionised the IGM? CHAPTER 2. THE LYMAN CONTINUUM LEAKAGE AGNs could thus entirely drive the reionisation if their emissivity at 4 < z < 6 can be extrapolated to z > 10 (Madau & Haardt 2015). However, more recent work and observations show that the AGN contribution to the total ionising budget is one order of magnitude too low to sustain the IGM ionised at z ≥ 6 (Onoue et al. 2017;Parsa et al. 2018). Even if their participation to the ionising radiation at the EoR seems to be minor, they can provide a sufficient contribution to alleviate the requirement from other sources (e.g., Kakiichi et al. 2018).

Star-forming galaxies

The first galaxies and proto-galaxies that formed at the end of the Dark Ages are the natural candidates for Reionisation. The intense light produced by the massive stars at the center of their HII regions are thought to have produced a substantial amount of ionising radiation. However, as seen in Section 2.1.4, the opacity of the IGM during the EoR impedes the observation of ionising photons from these galaxies. Therefore, the Lyman continuum (LyC) emission from galaxies is commonly studied up to z ∼ 6 and extrapolated to the population at the EoR. Despite large effort to detect LyC emission from galaxies (Siana et al. 2007(Siana et al. , 2010;;Cowie et al. 2009;Vanzella et al. 2010b;Sandberg et al. 2015;Grazian et al. 2016;Guaita et al. 2016;Rutkowski et al. 2016;Vasei et al. 2016), very few have been detected with values of f esc required to sustain the IGM reionised (e.g., de Barros et al. 2016;Vanzella et al. 2016;Bian et al. 2017;Izotov et al. 2018b). Since the bulk of the highredshift star formation occurred in very faint galaxies (e.g., Bouwens et al. 2015), the sparse LyC detections suggest that a significant contribution may come from faint galaxies well below the current detection limits (McLure et al. 2010;Bunker et al. 2010). Indeed, several studies have suggested that the ionising photon production of faint star-forming galaxies (M UV > -18) can account for the cosmic reionisation at z ≥ 6 (see also, Fontanot et al. 2012bFontanot et al. , 2014;;Robertson et al. 2013;Robertson et al. 2015;Atek et al. 2015b;Bouwens et al. 2017b;Livermore et al. 2017;Yue et al. 2018;Ishigaki et al. 2018). Special conditions in the ISM of these LyC emitters should be at play to facilitate a substantial escape of LyC photons. These conditions must strongly be linked to the density and geometry of the ISM as well as the intensity and duration of the star-formation. For instance, LyC leakage can strongly be favored through bubbles of ionised gas and low-density channels produced by the feedback of supernova wind and intense star-formation in small mass galaxies (Paardekooper et al. 2015;Cen 2020).

Other sources of reionisation

The current observational studies quantifying the contribution of the AGNs and starforming galaxies to the reionisation indicate that none of these populations can account for the whole ionising photon budget required to complete reionisation at z > 6. Therefore, it is not excluded that more exotic sources contribute to this process such as ionisation by UV photons produced through the decay of "dark matter particles" or other "heavy particles" (Scott et al. 1991;Pierpaoli 2004), "miniquasars" powered by intermediate mass black holes produced at the death of the first generation of massive stars (Madau et al. 2004), or the production of ionising radiation through "fast accretion shocks" by the infall of matter into the dense cores of very massive haloes [START_REF] Dopita | [END_REF].

Another possibility is an important change in the properties of the galaxies at very high redshift (e.g., Ciardi et al. 2012;Kuhlen & Faucher-Giguère 2012;Fontanot et al. 2014). Thus, an increasing star formation or the presence of exceptionally ionising popIII stars during the EoR could imply a significant difference in the ionising photon budget. In all cases, the best candidates remain faint star-forming galaxies, but current telescopes and instrumentation do not allow us yet to access statistically this galaxy population. We will see in Section 3 that LGRBs are a powerful tool to probe this galaxy population at every redshift and independently of their luminosity.

Determination of LyC escape fraction 2.2.1 Escape of ionising photons

There are mainly two basic configurations that can allow LyC radiation to escape a star-forming region: an ionisation-bounded nebula with holes and a density-bounded nebula. These two scenarios are schematically illustrated in Figure 2.5, in which a star-forming region is represented by a central ensemble of stars surrounded by a sphere of ionised hydrogen (HII region). The ionisation-bounded case (Figure 2.5 (a)) corresponds to the situation where the stellar population ionises its surrounding gas up to the Strömgren radius, delimited by a shell of neutral hydrogen opaque to the ionising starlight. In this case, the only way for LyC radiation to escape is to pass through holes or lower-density channels created by powerful stellar feedback (e.g., supernova and stellar wind). In the density-bounded nebula scenario (Figure 2.5 (b)), the outer shell of HI is not present, the flux of UV photons ionises the whole sphere of surrounding gas within the Strömgren radius. The LyC photons can therefore escape in all directions exactly as nebular emission.

Measurement of f esc

The direct detection of LyC emission is still limited to a few number of cases (see Section 2.2.3) and mostly restricted to the local universe. As shown in Section 2.1.4, the increasing opacity of the IGM with redshift makes its detection almost impossible at z > 6 and remains very difficult down to z ∼ 4. Therefore, it is essential to study the properties of the LyC leakers at lower redshift to (i) quantify the fraction of ionising photons that escape from these sources (f esc ); (ii) understand the conditions that favor their escape; (iii) characterise the properties that will enable the observation of these sources at z > 6 and constrain their contribution to the EoR. In this section, I will focus on the determination of f esc .

Below the LL, the observed flux of a galaxy is equal to the intrinsic flux emitted by the source (F int (λ)) attenuated by several effects. The two main effects are the dust extinction (A λ ) from the ISM of the galaxy and the Lyman continuum absorption from the HI along the line of sight (τ LL , Eq. 2.3). Therefore the observed flux can be written as,

F obs (λ ≤ λ LL ) = F int (λ) × 10 -0.4×A λ × exp[-τ LL (λ)].
(2.4)

DETERMINATION OF LYC ESCAPE FRACTION

Determination of f esc in typical galaxy observations

In the literature, the definition of f esc given by Eq. 2.5 is called the absolute escape fraction (f esc,abs ) and corresponds to the fraction of ionising photons escaping into the IGM. As seen before, determining this quantity requires the knowledge of the intrinsic LyC flux emitted by the galaxy and the dust extinction that affects it. These quantities are difficult to determine through typical photometric and spectroscopic observation of galaxies. Therefore, f esc is commonly derived by adopting another definition which consists in calculating the fraction of escaping LyC photons, typically measured at 900 Å rest-frame, compared to the fraction of escaping UV photons, typically measured at 1500 Å rest-frame (see e.g., Steidel et al. 2001;Siana et al. 2007). This relative escape fraction (f esc,rel ) has the advantage to be independent of the dust attenuation and the flux at 1500 Å is easily measured through spectroscopy and photometry at high redshift. In practice, what is calculated is the observed ratio between the flux at 1500 Å (f 1500 ) and 900 Å (f 900 ). Then, comparably to the definition of f esc given in Eq. 2.5, the relative escape fraction is obtained by replacing F obs,LL (F int,LL ) with (f 900 /f 1500 ) obs ((f 900 /f 1500 ) int ) which leads to the following equation (Steidel et al. 2001;Siana et al. 2007):

f esc,rel = (f 1500 /f 900 ) int (f 1500 /f 900 ) obs × exp[τ IGM (λ)] = exp[-τ ISM (λ)] × 10 0.4×(A 1500 -A 900 ) . (2.8) 
The intrinsic flux ratio ((f 1500 /f 900 ) int ) is usually estimated by using spectral synthesis models (e.g., Bruzual & Charlot 2003). Therefore, this value has generally significant uncertainties due to the assumptions on stellar population age, metallicity, star-formation history and IMF on which these models rely. As described in Section 3.1.3,using LGRBs it is possible to directly measure the intrinsic flux density ratio without additional assumptions since the intrinsic afterglow emission corresponds to a single power-law.

To take into account the transmission of the ionising photons through the IGM (exp[τ IGM (λ)]) it is possible to estimate the average opacity of the IGM at the redshift of the source, as described in Section 2.1.4. Attributing a representative value (average or median) to a single line of sight is highly uncertain due to the important variation of the IGM from sightline to sightline. Consequently, the standard method is to use the resulting distribution of transmission values to calculate a distribution of f esc for a galaxy at the redshift considered. The stochasticity of the IGM attenuation prevents from claiming a firm value of f esc for a single line of sight but securely provides a lower limit determined from the value above which there are 95 % of the final distribution.

The absolute escape fraction (f esc,abs ), equivalent to the Eq. (2.5), is therefore the f esc,rel corrected for dust extinction at 1500 Å.

f esc,abs = f esc,rel 10 -0.4×A 1500 .

(2.9)

Determination of f esc from the N HI of the ISM Measure of N HI from the Lyα absorption line: The definition of f esc , as written in Eq. 2.7, depends only on the HI column density of the ISM and the dust extinction. The escape fraction can be determined without requiring the access to the part of the spectrum below 912 Å. This technique has already been used for LGRB studies (Chen et al. 2007a;Fynbo et al. 2009;Tanvir et al. 2019) for which afterglow spectroscopy provides a direct measurement of the N HI linked to the ISM of the host galaxy surrounding star-forming regions (see Section 1.1). Nevertheless, two different aspects of this technique must be cautiously taken into account:

• The first one is about the representativeness of the N HI value with respect to the channels through which LyC photons escape. In typical galaxy observations the information is integrated over the whole galaxy whereas LGRB afterglow spectra probe one line of sight. One single line of sight is not necessarily representative of the low-density channels from where ionising photons escape. Nonetheless, a sample of sightlines can be used statistically to determine an average escape fraction from LGRB hosts.

• The second one concerns the determination of the HI column density from the Lyα absorption line. When the HI gas becomes optically thick to Lyα photons (optical depth τ λ > 1) but not so optically thick that the damping wings become sensitive to the increase of the column density (τ λ < 10 3 ), we are in the linear part of the Curve of Growth (see e.g., [START_REF] Noterdaeme | Theses, Université Pierre et Marie Curie -Paris VI, les chapitres 2, 4 et 5 sont publiés dans A&A et reproduits intégralement en anglais dans la thèse[END_REF] and it is not possible to determine N HI precisely.

Estimation of N HI from the flux below the LL: When the flux below the LL is directly observed by spectroscopy it is possible to overcome the two limitations explained above. The spectral shape of the LyC emission is theoretically described by Eq. (2.4). Consequently, the fitting of the residual flux at λ ≤ 912 Å allows the determination of the corresponding HI column density responsible for the attenuation. In practice, this method provides an estimation of τ LL (λ) which is the combination of the ISM and IGM effects. Therefore, the f esc value derived from such fitting is a lower limit of the actual fraction of photons escaping the ISM. However, the effect of the Lyα forest can be taken into account by fitting the envelope of the residual flux below the Lyman limit as shown in Figure 2.6.

Intervening system, interlopers

Let us assume we are observing a galaxy looking for LyC leakage. An intervening galaxy along the line of sight between an observer and the LyC emitter can have two effects on the flux below the LL. The first one would be described by a supplementary term, τ syst added to τ IGM in Eq. 2.5. It would account for the absorption of the ionising photons escaping the source and surviving the IGM but absorbed further by the neutral gas of the foreground interloper. Another contamination can come from the intrinsic emission of the intervening system itself. This additional emission superimposed to the spectrum of the first emitting source can mimic a residual flux below the LL. It is important to take into account this type of contamination to reliably study the LyC leakage of a galaxy. Usually, this contamination CHAPTER 2. THE LYMAN CONTINUUM LEAKAGE Hubble Space Telescope (HST ). Nevertheless, only few galaxies (∼ 15) have been identified as LyC emitter in the local universe (Bergvall et al. 2006;Leitet et al. 2011Leitet et al. , 2013;;Borthakur et al. 2014;Izotov et al. 2016aIzotov et al. ,b, 2018a,b;,b;Leitherer et al. 2016). They are Green Pea1 galaxies characterised by small stellar masses (∼ 10 8-10 M ⊙ ), low metallicities, high specific star formation rates (sSFRs) and large [OIII]λ5007/[OII]λ3727, and thus likely resemble the high-redshift star-forming galaxies. These objects show relatively modest f esc (LyC) < 10 % with some rare cases at f esc (LyC) = 10-15 % and three exceptional LyC leaker with f esc ∼ 38, 46 and 72 % (Izotov et al. 2018a). The main advantage of the observation of local galaxies is the possibility to conduct morphological studies and investigate with more details the LyC escape. For example, the case of Haro 11, a LyC emitter at z = 0.021 (e.g., Bergvall et al. 2006;Östlin et al. 2015), offered the opportunity to perform a detailed mapping of several emission line ratios, such as [OIII]/[OII] within the galaxy and to find evidences for the spatial origin of LyC escape. It has been found that the ionising photons are likely escaping from one of the three photo-ionising knots that compose the galaxy. Furthermore, this young starforming knot presents weak Lyα emission questioning the potential link between observation of Lyα and LyC escape (Keenan et al. 2017).

Intermediate redshift

At 2.5 < z < 4 the LyC emission is shifted to the U band (∼ 4000 Å) and its imaging and spectroscopy can be obtained with ground-based telescopes. However, most searches have been unsuccessful or provided mainly upper limits of f esc < 10 %. A recent constraint on the LyC emission at redshift z ∼ 3 comes from an analysis of stacked spectra by Steidel et al. (2018) of galaxies with absolute UV magnitude -19.5 > M UV > -22 mag. They measure a mean escape fraction of 9±1 % dominated by sub-L UV * galaxies, with negligible contribution from L > L UV * systems.

More recently, Fletcher et al. (2019) have significantly increased the number of individual detections with HST observations of a sample of Lyα-emitting galaxies at z ∼ 3.1. They report 12 cases of LyC leakage in small-mass galaxies, with high SFR (4 -90 M ⊙ yr -1 ), strong EW(Lyα) > 20 Å and -18.6 > M UV > -22 mag. They found f esc in the range 15 -60 %. Their successful detection rate is of 20 %, therefore much higher than in previous Lyman-break galaxy samples. However, the contamination by foreground galaxies has not been verified yet.

Indeed, unlike at low-redshift, the contamination by foreground galaxies is more frequent in the 2.5 < z < 4 redshift range and complicates the LyC detection (see e.g., Vanzella et al. 2012;Siana et al. 2015). So far, only 6 individual cases have been securely detected at intermediate redshifts, namely Ion1 (z = 3.794, Vanzella et al. 2015;Ji et al. 2020), Ion2 (z = 3.2, de Barros et al. 2016;Vanzella et al. 2016, 2020), Ion3 (z = 4, Vanzella et al. 2018, 2020), Q1549-C25 (z = 3.15, Shapley et al. 2016), A2218-Flanking (z = 2.5, Bian 2.2. DETERMINATION OF LYC ESCAPE FRACTION et al. 2017) andSunburst Arc (z = 2.4, Rivera-Thorsen et al. 2019;Vanzella et al. 2020). Their LyC escape fraction is significantly higher than what is found for local galaxies, with f esc measurement from a few percent for Ion1 to very high values of f esc > 50 % for the other galaxies. Ion1, Ion2, Ion3 and Q1549-C25 have M U V < -20, while the LyC-knot of the Sunburst arc has M U V > -19. They have stellar masses of ∼ 10 9 M ⊙ and SFR ranging from 6 M ⊙ yr -1 to 140 M ⊙ yr -1 . When the information is available, they present strong Lyα and [OIII] emissions, with high [OIII]/[OII] ratio (O 32 > 10). Contrary to what is usually observed for LyC leakers, Ion1 does not present the Lyα line in emission but in absorption (see Ji et al. 2020 for a detailed discussion). Similarly, despite the large f esc > 51 % calculated for Q1549-C25 the associated Lyα equivalent width is not particularly strong (EW(Lyα) = 15 Å) and the line profile is a simple peak redshifted by 250 km s -1 , therefore larger than predicted for strong LyC emitters (< 150 km s -1 , Verhamme et al. 2015 and Section 2.2.4). A2218-Flanking and Sunburst Arc are two gravitationally lensed galaxies and the latter is a rare case of intermediate redshift galaxy for which a detailed study of the spatial LyC emission is possible, similarly to Haro 11.

The morphological analysis of the LyC emitters shows the tendency of ionising photons to escape from compact, blue regions suggesting young star-formation (Ji et al. 2020;Vanzella et al. 2020). These studies also indicate that their morphologies can be complex with several knots presenting different properties. Since the escape of ionising photons requires HI column densities lower than 10 18 cm -2 , the LyC emitting regions are most likely creating low-density and ionised channels in the ISM through stellar and supernova feedback. Similarly, other spectral features such as the Lyα line profile (e.g., Rivera-Thorsen et al. 2017) or the non saturation of the metal absorption lines from the ISM (e.g., Alexandroff et al. 2015) are also used as indicators of partial coverage of the neutral gas.

The confirmed LyC leakers presented above show high O 32 and SFR, compact star-forming regions, strong high-ionisation absorption lines and present pieces of evidence of porous neutral gas covering. However, they also present some differences when looking, for instance, at their Lyα line and low-ionisation absorption lines (see Ji et al. 2020 for a detailed comparison of their characteristics). The diversity of their properties can be linked to the small statistics available to date for these objects. It can also be explained by an anisotropic escape of Lyc photons. Indeed, imaging studies reveal complex morphologies, with multiple knots presenting different properties likely indicating that LyC escape tends to be local.

The observations and studies of LyC emitters at low and intermediate redshifts (like those cited above) are crucial to test and define robust indirect indicators of LyC leakage. I will describe the currently known and used tracers in the next section.

Indirect indicators of LyC leakage

As explained before, the detection of the LyC photons is limited to z ≤ 4. Furthermore, even at lower redshift, the observations required to detect LyC emission are challenging as in principle deep rest-frame far-UV observations of a large number of sources are needed to directly measure f esc . Therefore, indirect indicators of LyC leakage have been investigated to select good candidates at any redshift. They are based on two requirements: the LyC emitters must (i) produce sufficient ionising radiation for a substantial escape of part of it; CHAPTER 2. THE LYMAN CONTINUUM LEAKAGE (ii) have clear channels facilitating LyC escape. These two points imply various spectral properties that can be observed at wavelengths longer than 912 Å (rest-frame).

• Several authors have proposed the O 32 = [OIII]λλ5007 + 4959/[OII]λ3727 emission line ratio as an indicator of the ionisation state of the gas. This parameter is expected to trace density-bounded HII regions (Guseva et al. 2004;Jaskot & Oey 2013;Nakajima & Ouchi 2014). The O 32 parameter is significantly high for LyC leakers (Schaerer et al. 2016;Izotov et al. 2016aIzotov et al. ,b, 2018aIzotov et al. ,b, 2020)). However, O 32 also depends on other physical effects such as the metallicity, the starburst age, the ionisation parameter and the heating from radiative shocks (Giammanco et al. 2005;Jaskot & Oey 2013;Izotov et al. 2017b). Hence, this indicator may not always be a sufficient condition for LyC leakage (e.g., Izotov et al. 2017b).

• The ratio of HeI (λ3889 Å, λ6678 Å and λ7075 Å) lines has been proposed by Izotov et al. (2017b) as a complementary diagnostic to constrain the electron number density and the optical depth in the HII region. This is another technique to point out densitybounded HII regions.

• The presence of high-ionisation absorption lines in galaxy spectra indicates strong ionising radiation (e.g., Erb et al. 2010;Stark et al. 2014Stark et al. , 2015)). Their presence can testify either of a density-bounded HII region or of the presence of optically thin pathways to ionising radiation.

• The non-saturation of the low-ionisation absorption (LIS) lines can be used to infer partial covering fraction of the neutral gas surrounding the LyC sources (see also Section 2.2.1) (Heckman et al. 2011;Alexandroff et al. 2015;Vasei et al. 2016;Chisholm et al. 2018;Gazagnes et al. 2018).

• The Balmer emission lines can be used to measure recent star formation. Therefore, large Hα or Hβ equivalent width is a proxy indicating young starburst and thus ionising photon production. Furthermore, the compactness and low stellar mass of actively star-forming galaxies are expected to be characteristics of favored LyC escape. Indeed, models show that the feedback of such galaxies is likely overruling gravity, being strong enough to clear channels through which LyC photons can escape (Wise et al. 2014;Paardekooper et al. 2015;Trebitsch et al. 2017;Cen 2020). Their low mass and substantial SFR imply a high specific star-formation rate (sSFR, SFR normalised by the stellar mass).

• The Lyα emission line profile has been found to be a good indicator of LyC leakage (Verhamme et al. 2017;Izotov et al. 2018b). Particularly, narrow line profile with residual flux at 1215.67 Å (rest-frame) and small velocity shift of the main peak (< 150 km s -1 ) or small double-peak separation (< 300 km s -1 ) may indicate pathways of facilitated escape (Verhamme et al. 2015). A positive correlation between the doublepeak separation and f esc have been found for low-redshift LyC leakers (Izotov et al. 2018b). The Lyα line can also be an indicator of porous medium when its shape is a triple-peaked Lyα profile (see Rivera-Thorsen et al. 2017;Vanzella et al. 2020).

The Lyα line and the non-saturation of LIS lines have been found to be reliable tracers of ionising photons leakage by recent works (e.g., Verhamme et al. 2017;Izotov et al. 2018b;Vanzella et al. 2020;Chisholm et al. 2018;Gazagnes et al. 2018;Gazagnes et al. 2020). However, they have mostly been tested on local galaxies only. Therefore, they have to be investigated further for intermediate-and high-redshift galaxies. LGRB, a unique tool to chase ionising photon leakage in faint star-forming galaxies Contents 

Advantages of using LGRBs to study LyC leakers

LGRBs present some advantages to detect and study LyC leakers. I will detail them below.

LGRBs and their host galaxies

The progenitor of LGRBs are massive stars and LGRBs arise typically in the luminous region of their hosts (see Section 1.4) that contributes substantially to the ionising photon budget inside galaxies (e.g., Ramachandran et al. 2018). LGRBs occur typically in dwarf galaxies with high specific star-formation rate (e.g., Svensson et al. 2010;Hunt et al. 2014) and low-metallicity (typically sub-solar: Japelj et al. 2016a;Perley et al. 2016b;Graham & Fruchter 2017;Vergani et al. 2017;Palmerio et al. 2019). Observations of LGRB hosts at very high-redshift showed that they can be extremely faint (see Tanvir et al. 2012 and 3.1. ADVANTAGES OF USING LGRBS TO STUDY LYC LEAKERS Section 1.4). These characteristics make LGRB host galaxies good analogs of the bulk of the galaxy population expected at the EoR. Furthermore, GRBs are detected by their flash of gamma-ray photons and thus independently of the global emission properties of their host (magnitude, continuum, emission lines). GRB afterglows allow the determination of a very precise (≤ arcsec) position of GRBs. Therefore, they represent a unique way to localise even the very faintest galaxies at any redshift.

LGRB afterglows

For faint star-forming galaxies the detection of residual flux below the Lyman limit can be really challenging, requiring extensive observations to pre-select the good candidates and detect faint LyC leakage. The brightness of the GRB afterglow gives the opportunity to detect ionising flux more easily than with typical galaxy observations. Furthermore, this is a by-product of GRB spectroscopic follow-up campaign (determining also GRB redshift), with very few time investment (one-three hours per GRB) compared to the many hours needed for galaxy-based studies.

At wavelengths higher than 912 Å, the GRB afterglow spectrum carries the properties of the gas probed along the sightline from young star-forming regions. This provides detailed information on the ISM, such as HI column density and hence the opacity to ionising radiation, dust properties, metallicity and kinematics (e.g., De Pasquale et al. 2003;Thöne et al. 2014;Heintz et al. 2018;Zafar et al. 2018a;Bolmer et al. 2019), inaccessible otherwise in such details, especially for faint galaxies. Therefore, the statistical study of LGRB sightlines allows us to collect information on the average properties of the gas where they are embedded while the individual sightlines showing LyC leakage characterise the pathways through which LyC escape. Furthermore, once the afterglow has completely faded, it is possible to observe the LGRB-LyC host galaxy to obtain its integrated properties. The combination of both late time observation of the host and afterglow spectroscopy is a powerful tool to obtain indirect indicators of LyC leakage also for the population of faint, high-z, star-forming galaxies.

Method to derive LyC escape fraction

The measurement of the LyC escape fraction is not trivial. As explained before, it requires the knowledge on the intrinsic emission of the galaxy below the Lyman limit as well as the information on the attenuation by the IGM. The afterglow emission produced by the GRB is described by a single power-law which drastically simplifies the determination of the intrinsic emission. This is a major advantage when using LGRBs compared to galaxy observations which rely on galaxy spectral-synthesis models. The LGRB afterglow spectroscopy offers the possibility to determine f esc in three ways (i) directly using the N HI value derived by fitting the Lyα absorption line, (ii) fitting the envelope of the residual flux below the Lyman limit, and (iii) through the (f 1500 /f 900 ) int ratio and IGM simulation, as commonly done in galaxy studies, (see Section 2.2.2). The estimation of f esc (LyC) through the N HI value has the particularity to neither suffer from uncertainties on the background subtraction, nor rely on assumptions about spectral-synthesis models and Lyα forest absorption. This method has CHAPTER 3. LGRB, A UNIQUE TOOL TO CHASE IONISING PHOTON LEAKAGE IN FAINT STAR-FORMING GALAXIES been used in the literature to determine the mean f esc (LyC) from LGRB samples as reviewed in the next section. Chen et al. (2007a) were the first to use the GRB approach in order to estimate the average escape fraction of ionising photons ( f esc ), by using the method described in Section 2.2.2. They gather 28 GRBs in the redshift range 2 z 6.3 (average value z = 3.28) with an average log(N HI /cm -2 ) = 21.03. Their sample was drawn from available LGRB afterglow spectra of bursts detected with Swift and pre-Swift satellites, and with z > 2 in order to detect the Lyα absorption and the Lyman forest. Based on this sample, they estimated an average f esc = 0.02 ± 0.02, with a 95 % confidence level upper limit on f esc < 0.075. Fynbo et al. (2009) used the same method for their sample of 32 LGRB afterglows at redshift 2 z 5.5 (average value z = 3.0) with an average log(N HI /cm -2 ) = 21.12. The statistic between both samples is really similar and roughly half LGRBs overlap, but the important difference is that the sample defined by Fynbo et al. (2009) is a uniform spectroscopic sample of Swift bursts. This is particularly important since the short response time to the burst reduces the bias introduced by the lack of optically thin sightlines potentially missed by late observations of the afterglow. However, they find almost the same result with an average f esc = 0.02 ± 0.02, and a 95 % confidence level upper limit on f esc < 0.07. Christensen et al. (2011) constrained f esc from the stacked spectrum of 11 LGRB afterglows at the average redshift z = 3.66 and average log(N HI /cm -2 ) = 21.3. By directly measuring the residual flux below the Lyman limit and considering an average transmission in the Lyα forest (Dall'Aglio et al. 2008;Madau 1995) they derived f esc = 0.020 ± 0.017. Tanvir et al. (2019) took advantage of the increasing number of available LGRB afterglow observations to compile 140 spectra with a N HI measure. This sample covers the redshift range 1.6 z 6.7 (average value z = 3.09) with an average log(N HI /cm -2 ) = 21.27. Using the method described in Section 2.2.2, the authors provide an estimation of the escape fraction at the Lyman limit of f esc ≈ 0.005 with a 98 % confidence level upper limit on f esc < 0.015. This estimation is substantially lower than the first studies lead by Chen et al. (2007a) and Fynbo et al. (2009), and suggests that the star-forming regions represented by LGRB host galaxies do not participate significantly to the ionising photon budget at z < 5. This study does not give the possibility to conclude on the contribution of these galaxies at higher redshift due to the small statistic for z > 5 (7/140) but no indication of N HI evolution with redshift is found. The authors investigate several potential biases for additional opacity (dust, the impact of radiation from the GRB itself, and the difficulty of measuring low-N HI systems in poor S/N spectra) but their impact on the estimation of f esc is unlikely higher than a factor of two. This result raises two questions, are LGRBs good tracers of the sources of ionising photons involved in the reionisation and to a larger extent are the faint star-forming galaxies sufficient to reionise the neutral IGM at the EoR?

Previous studies

3.3. PAPER: LYMAN CONTINUUM LEAKAGE IN FAINT STAR-FORMING GALAXIES AT REDSHIFT Z = 3 -3.5 PROBED BY GAMMA-RAY BURSTS
The determination of f esc of GRB hosts has also been tackled through simulations. Pontzen et al. (2010) used hydrodynamic simulations to investigate the line of sight to young star-forming regions in a set of simulated galaxies at z = 3. Their prescriptions take into account the effect of local ionising sources on the neutral gas and realistic constraints to select the location of the GRBs within their modeled host galaxies. They found a median log(N HI /cm -2 ) = 21.5 and derived an f esc ≈ 0.01, both consistent with the observational studies.

3.3 Paper: Lyman continuum leakage in faint starforming galaxies at redshift z = 3 -3.5 probed by gamma-ray bursts

In this section I present a paper (Vielfaure et al. 2020) focused on the results I obtained on LyC leakage measurement from faint star forming galaxies using LGRB afterglows. In this paper we report the afterglow spectrum of GRB 191004B, that took place in a faint star-forming galaxy (R ≥ 26.6 mag (AB), M UV ≥ -19.2 mag) at redshift z ∼ 3.5, and allowed us to measure substantial LyC leakage. I carried out this work within the Stargate collaboration for GRB follow-up observation with ESO telescopes. I performed the reduction and analysis of these spectroscopic data and I determined the LyC escape fraction according to the methods described in this chapter. I re-analysed the spectra of the two previously known GRB afterglows showing LyC leakage to investigate more globally LyC emission in LGRB afterglow spectra. I interpreted the results obtained and discussed them also with respect to the known LyC emitters discovered in galaxy studies.

Introduction

Understanding the nature of the sources responsible for ionizing hydrogen in the intergalactic medium (IGM) remains one of the key challenges in studies of early structure formation. It has been established that active galactic nuclei on their own provide enough ionizing radiation to keep the Universe reionized at redshifts z < 4 (e.g., Cristiani et al. 2016). According to the predominant view, star-forming galaxies (SFGs) are the main contributors of ionizing radiation at earlier epochs (z 4; e.g., Fontanot et al. 2012;Robertson et al. 2013Robertson et al. , 2015)).

In order to quantify the contribution of SFGs to the reionization at z 4, we have to know: (i) the galaxy number density as a function of redshift and luminosity; (ii) their ionizing photon production efficiency (i.e., the number of hydrogenionizing photons relative to produced UV photons at ∼1500 Å, ( f 1500 / f 900 ) int ); (iii) the fraction of produced Lyman continuum (LyC) photons that can actually escape the local environment and ionize the IGM, called the escape fraction f esc . Especially the latter is poorly constrained from observations. Direct searches for LyC emission from galaxies is only possible up to z ∼ 4, beyond which the LyC is unobservable due to the increasing IGM opacity (e.g., Madau 1995). We therefore rely on lower redshift galaxies to be used as proxies for the higher-redshift ones. The search for LyC emitters has been quite fruitful in recent years. A few LyC emitters have been found in the local Universe (Bergvall et al. 2006;Leitet et al. 2013;Borthakur et al. 2014). A population of green pea galaxies with strong LyC has been identified at z ∼ 0.3 (Izotov et al. 2016(Izotov et al. , 2018a,b),b). A number of LyC-emitting galaxies with typically M UV < -19.5 mag have also been securely identified at higher (z 3) redshifts (Vanzella et al. 2016(Vanzella et al. , 2018;;Shapley et al. 2016;Bian et al. 2017;Steidel et al. 2018;Fletcher et al. 2019). The growing number of discovered LyC emitters allows us to look at their common properties that could be used both to make it easier to find new emitters at these redshifts as well as to identify likely emitters at z > 6. The emitters are typically (but not always) found to have a strong Lyα emission line Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A30, page 1 of 12 A&A 641, A30 (2020) (Verhamme et al. 2015(Verhamme et al. , 2017)), a high ratio of [OIII]/[OII] nebular emission lines (Nakajima & Ouchi 2014;Nakajima et al. 2016) and a compact morphology (Izotov et al. 2016(Izotov et al. , 2018a,b),b).

The compactness of the galaxy as a requirement for LyC photons to escape is also found in theoretical studies (e.g., Cen 2020), together with high star-formation rate surface densities. Recently, important constraints on the LyC emission at high redshift come from an analysis of stacked spectra of galaxies at -19.5 > M UV > -22 mag at z ∼ 3 (Steidel et al. 2018). The measured mean escape fraction of 0.09 ± 0.01 is dominated by sub-L UV * galaxies, with negligible contribution from L > L UV * systems. These results are in agreement with the hypothesis that fainter galaxies have on average higher escape fractions and account for a large part of the ionizing-photon budget (e.g., Fontanot et al. 2014). Because the bulk of the high-redshift star formation occurred in very faint galaxies (e.g., Bouwens et al. 2015), the regime of LyC emission in those galaxies needs to be studied observationally (see, e.g., Japelj et al. 2017). Deep observations of galaxies in this faint regime (M UV -19 mag) in the LyC portion of their spectra are time-demanding and therefore sparse. Fletcher et al. (2019) identified four faint LyC emission candidates and Amorín et al. ( 2014) studied a faint lensed galaxy resulting in a poorly constrained limit on its LyC escape fraction.

A unique way to learn more about the escape fractions of faint galaxies is to make use of long gamma-ray bursts (LGRBs).

LGRBs mark the deaths of massive stars (Hjorth et al. 2003;Woosley & Heger 2006;Cano et al. 2017) and can be observed from the local to the z ∼ 8 Universe (Tanvir et al. 2009;Salvaterra et al. 2009). LGRBs are generally found in sub-L * galaxies at any redshift (e.g., Tanvir et al. 2012;Vergani et al. 2015;Perley et al. 2016;Palmerio et al. 2019). The progenitors are associated with young star-forming regions that contribute hugely to the ionizing photon budget inside galaxies (e.g., Ramachandran et al. 2018). A burst of gamma-ray emission is typically followed by a longer-lived, multiwavelength afterglow (e.g., Kumar & Zhang 2015). Thanks to their brightness, the spectra of the UV/optical/NIR afterglows can reveal the detailed properties of the interstellar medium (ISM) along the lines of sight toward star-forming regions, such as hydrogen column density, dust properties, metallicity and kinematics (e.g., De Pasquale et al. 2003;Thöne et al. 2014;Heintz et al. 2018;Zafar et al. 2018;Bolmer et al. 2019). In addition, the afterglow brightness allows us to search directly for possible leaking LyC in their spectra. With LGRB afterglows we can therefore study the transparency of the LGRB star-forming regions to ionizing radiation (Chen et al. 2007a;Fynbo et al. 2009;Tanvir et al. 2019). Being based on afterglow spectroscopy, LGRB LyC studies do not suffer from galaxy magnitude selection and offer the advantage of a direct determination of the ( f 1500 / f 900 ) int ratio thanks to the intrinsically featureless (power-law) spectra of GRB afterglows. LGRB afterglows are thus a very useful tool to search for LyC leakage in very faint galaxies at z ∼ 2-4.

In this paper we present the detection of LyC photons in the afterglow spectrum of GRB 191004B at z = 3.5055. We further investigate LyC emission in LGRB afterglow spectra, also adding to this case GRBs 050908 and 060607A (z = 3.3467 and z = 3.0749, respectively), the only two previously known GRBs whose spectra show significant LyC emission (Fynbo et al. 2009;Tanvir et al. 2019). This paper is organized as follows. In Sect. 2 we present the observations of GRB 191004B. We analyze them in Sect. 3. In Sects. 4 and 5 we determine the escape fraction along the lines of sight to the three GRBs. Section 6 is focused on the Lyα emission modeling. All the results are discussed in Sect. 7, especially in the context of other known LyC-emitting galaxies. We provide our conclusions in Sect. 8.

All errors are reported at 1σ confidence and all magnitudes are reported in AB unless stated otherwise. We consider a flat ΛCDM cosmology with the cosmological parameters provided in Planck Collaboration XIII ( 2016): H 0 = 67.8 km s -1 Mpc -1 , Ω m = 0.308 and Ω Λ = 0.692.

Observations

GRB 191004B was detected by the BAT instrument on the Neil Gehrels Swift Observatory (henceforth Swift) on 2019 October 4, at 21:33:41 UT (Trigger 927839; Cenko et al. 2019). The BAT light curve shows a multi-peaked shape with a duration of t 90 (15-350 keV) = 37.7 ± 14.9 s (Stamatikos et al. 2019). The Swift UV/Optical Telescope started settled observations of GRB 191004B 69 s after the trigger and refined the position to RA(J2000) = 03 h 16 m 49 s .10, Dec(J2000) = -39 • 38 ′ 03 ′′ . 9 with a 90% confidence error radius of ∼0 ′′ . 4 (LaPorte & Cenko 2019). The redshift of z = 3.503 was reported by D'Elia et al. ( 2019) based on VLT/X-shooter observations of absorption lines in the optical afterglow (see also below).

In the following we describe our ESO/VLT observations of the GRB 191004B afterglow and host galaxy obtained by the Stargate consortium under Program ID: 0104.D-0600 (P.I.: N. Tanvir). The log of observations is provided in Table 1.

VLT/X-shooter afterglow imaging

GRB 191004B was observed with the VLT/X-shooter acquisition camera in the g ′ , r ′ , z ′ bands ∼7.2 h after the burst. The observations were taken in a sequence of 3 × 40 s, 3 × 30 s and 3 × 60 s with the g ′ , r ′ and z ′ filters, respectively. The afterglow is clearly detected in all bands at the coordinates RA(J2000) = 03 h 16 m 49 s .14, Dec(J2000) = -39 • 38 ′ 04 ′′ . 09, with a magnitude of g ′ = 22.41 ± 0.03 mag, r ′ = 21.23 ± 0.02 mag and z ′ = 20.91 ± 0.04 mag. The photometry was calibrated with a single nearby star due to the small field of view. The coordinates of this star RA(J2000) = 03 h 16 m 54 s .42, Dec(J2000) = -39 d 37 ′ 41 ′′ . 9 are taken from the Gaia catalog and the photometry from the Pan-STARRS catalog.

VLT/X-shooter afterglow spectroscopy

The first epoch spectrum of GRB 191004B was obtained with the VLT/X-shooter echelle spectrograph (Vernet et al. 2011) just after the g ′ , r ′ , z ′ imaging, ∼7.2 h after the Swift/BAT trigger. The observation consisted of a total integration time of 2400 s in each arm using the 1 ′′ . 0/0 ′′ . 9/0 ′′ . 9JH slits at a position angle of PA = -75 • (see Fig. 1). The observation was carried out under good conditions with an average seeing of ∼0 ′′ . 75 and an airmass of 1.1. We used a nodding scheme with a 5 ′′ . 0 nodding throw. This observation covers the afterglow emission of the GRB across the wavelength range 300-2100 nm.

We reduced the X-shooter data using version 3.3.5 of the X-shooter data reduction pipeline (Modigliani et al. 2010). All observations of the afterglow and host galaxy, the telluric stars, and the spectrophotometric standards were reduced in the same way. Before processing the spectra through the pipeline, the cosmic-ray hits and bad pixels were removed following the method of van Dokkum (2001). Then, we subtracted the bias from all raw frames and divided them by the master flat field. We traced the echelle orders and calibrated the data in spatial A30, page 2 of 12 A&A 641, A30 (2020) Table 2. Escape fraction of ionizing photons along the line of sight for the three GRBs. Notes. The columns correspond to the name of the GRB; z syst : the systemic redshift of the host galaxy; f HI esc, abs (rel) : the absolute (abs) and relative (rel) escape fraction determined from the estimation of the HI column density, see Sect. 4.1; f esc, abs (rel) : the absolute (abs) and relative (rel) lower limit of the escape fraction of ionizing photons. The relative value is given between brackets when a non-zero extinction is considered, otherwise (*) means same value as the absolute one (see Sect. 4.2); f lim esc, abs : the absolute lower limit of the escape fraction of ionizing photons (see Sect. 4.2).

(prompt emission, energetic, afterglow light curves) are similar to that of the general LGRB population (see, e.g., Kann et al. 2010).

GRB 050908 occurred at z = 3.3467. Its afterglow spectrum was observed with VLT/FORS1 (Fynbo et al. 2009), KeckII/Deimos and Gemini North/GMOS (Chen et al. 2007b), and showed very strong high-and low-ionization absorption lines at the GRB redshift. In this paper we use the spectrum obtained by VLT/FORS. In addition to the absorptions associated with the GRB host galaxy, two strong Mg ii intervening absorbers are identified in the GRB afterglow spectrum at z = 0.6915 and 1.4288. The emission counterparts of these absorbers have been identified by Schulze et al. (2012) a few tens of kpc away from the GRB host. Deep HST-F775W images of the field allowed the detection of the GRB host galaxy with m AB = 27.67 mag (Hjorth et al. 2012;Blanchard et al. 2016). The VLT/FORS spectrum covers the ionizing domain at wavelengths >818 Å rest-frame. A sufficient signal-to-noise ratio is only reached down to 880 Å. We measure the ionizing ( f obs 900 ) and non-ionizing UV ( f obs 1500 ) flux density from this spectrum and find a ( f 1500 / f 900 ) obs ratio of 6.9 ± 0.5. Considering a null extinction (A V = 0 mag), according to the results published in Vergani (2008), we fit the afterglow spectrum of GRB 050908 with a simple power-law and following the method described in Sect. 4.1, we derive ( f 1500 / f 900 ) int = 0.35 with f int 900 measured over 880-910 Å. Similarly to GRB 191004B we can derive the absolute escape fraction of ionizing photons which is equal to the relative one in this case, since no extinction correction is applied. The distribution of f esc, rel (LyC) is presented in Fig. 7 and shows that 95% of the distribution is at f esc, abs ≥ 0.07 and 92% with f esc, abs ≤ 1. The median escape fraction for the latter 92% is 0.10 +0.08 -0.02 , with an average value of f esc, abs = 0.15. This estimation is fully consistent with the value of f esc = 0.08 +0.05 -0.04 derived by Tanvir et al. (2019) from the HI column density (log(N HI /cm -2 ) = 17.6), following the method presented in Sect. 4.1.

GRB 060607A occurred in a galaxy at z = 3.0749. It has the lowest HI column density observed among the LGRB afterglow sample (log(N HI /cm -2 ) = 16.95 ± 0.03; Tanvir et al. 2019) and, like GRB 191004B, the only metal absorption lines at the GRB redshift are those of C iv and Si iv. The VLT/UVES spectrum of its afterglow shows a very complex line of sight, rich in intervening absorbers (Fox et al. 2008;Prochaska et al. 2008;Fynbo et al. 2009). There is evidence of LyC emission over ∼16 Å below the LL, likely absorbed blueward from an inter-vening system. It is not firmly possible to exclude that the apparent LyC emission is due to an interloper. Nonetheless, deep HST-F775W imaging observations are available for the GRB 060607A field (see Blanchard et al. 2016) and no galaxy is detected at m AB > 28.9 mag over a radius of ∼15 kpc from the afterglow position. From the UVES spectrum, we measure the ionizing ( f obs 900 ) flux density over the 16 Å where LyC emission is detected and we find a ( f 1500 / f 900 ) obs ratio of 5.0 ± 0.6. The determination of dust extinction on this line of sight is not trivial as the afterglow experienced some rebrightening during the Xray observations and UVES spectroscopy. Following the same prescriptions as in Sect. 3.3, we find a quite high extinction with A V = 0.13 ± 0.04 mag for the Small Magellanic Cloud extinction curve (see also Kann et al. 2010). Following the same method as for the previous cases, we derive ( f 1500 / f 900 ) int = 0.42. The distribution of f esc,rel (LyC) is presented in Fig. 7 and shows that 95% of the distribution is at f esc, abs ≥ 0.05 ( f esc, rel ≥ 0.09) and 96% with f esc, rel ≤ 1. The median escape fraction for the latter 96% is f esc, abs = 0.08 +0.03 -0.02 ( f esc, rel = 0.13 +0.04 -0.03 ) with an average value of f esc, abs = 0.08 ( f esc, rel = 0.14). The value derived from the HI column density, following the method presented in Sect. 4.1, is f esc = 0.45 ± 0.13 and f esc, abs = 0.20 ± 0.05, with log(N HI /cm -2 ) = 17.1±0.15 (in agreement with the column density reported in the literature). The difference of the f esc values determined by the two methods could be due to a higher T IGM 900 average from simulations, as this line of sight is particularly rich in absorbing systems. We stress that both f esc, abs values are tentative due to the difficulties in determining the dust extinction. The f esc results for the three GRBs are summarized in Table 2.

Statistical estimation of the ionizing escape fraction in

LGRB host galaxies

The HI column density of log(N HI /cm -2 ) = 17.2 ± 0.15 derived for GRB 191004B corresponds to one of the lowest N HI measured for an LGRB host galaxy. Adding this case to the sample studied in Tanvir et al. (2019) we re-evaluate the average escape fraction derived from the compilation of the 141 column densities available to-date. To do so, we use the formula described in Sect. 4.1 (Eq. ( 3)) averaged over the full sample and we find f esc = 0.007 instead of 0.005 as presented in Tanvir et al. (2019). Again following the method used in Chen et al. (2007a) and Tanvir et al. (2019) we performed a bootstrap resampling by allowing replacement of the 141 sightlines in the above sample. From the 10 6 N HI distributions simulated with this method and taking into account scatter produced by the uncertainty on each data point, we find a 98% c.l. upper limit of f esc < 0.020. This new estimation increases somewhat the result found in Tanvir et al. (2019) but is still consistent with their f esc upper limit in the range between 0.015-0.02.

Modeling of the Lyα emission line

The non detection of nebular emission lines in the spectra of GRB 191004B prevents firm determination of the exact redshift of the host galaxy. We can, however, use the empirical correlation found by [START_REF] Verhamme | Recovering the systemic redshift of galaxies from their Lyman alpha line profile[END_REF] between the FWHM and the velocity shift of the peak of the Lyα line. We derive a predicted redshift of z predict = 3.5060 ± 0.0008. This value is fully consistent with the HI component seen in absorption at z = 3.5055.

Due to its resonant nature, the Lyα radiation produced by active star-forming regions carries the signature of the physical (Paardekooper et al. 2015;Cen 2020), and (ii) the (increasing) steepness of the Lyα luminosity function hints toward a very steep LyC luminosity function (Gronke et al. 2015b;Dressler et al. 2015;Dijkstra et al. 2016). A larger sample of LGRB afterglow spectra will allows us to test these theories.

Conclusions

We investigated LyC leakage in LGRB afterglow spectra through the observations of GRB 191004B at z = 3.5055 (presented here for the first time), GRB 050908 (z = 3.0749), and GRB 060607A (z = 3.3467). We found absolute escape fractions along their sightlines of 0.35 +0.10 -0.11 , 0.08 +0.05 -0.04 , 0.20 +0.05 -0.05 , respectively. By using simulations of the IGM opacity, we found similar results except for GRB 060607A likely because of its very rich line of sight.

Thanks to the fact that the intrinsic afterglow emission corresponds to a single power-law, the determination of the intrinsic flux density ratio between the fraction of escaping ionizing and non-ionizing photons does not suffer from the uncertainties due to the assumptions behind galaxy spectral-synthesis models. Furthermore afterglow-based studies do not suffer from galaxy magnitude selection effects as galaxy studies.

The results presented here are by-products of routinely performed observations to determine the redshift of GRBs obtained using only approximately one-three hours each, compared to the many hours needed for galaxy-based studies to pre-select and observe such faint galaxies. They show that LGRBs can be powerful tools to study LyC leakage from faint, star-forming galaxies at high redshift. Indeed, the host galaxies of the LGRBs presented here all have M 1600 > -19.5 mag, with the extreme case of the host of GRB 060607A at M 1600 > -16 mag. Such faint galaxies are very common at very high redshift. Their role in reionization is still debated, but their global ionizing photon budget may contribute significantly to the reionization process.

LGRBs explode in young star-forming regions, major contributors of the LyC photons inside galaxies. LGRB afterglows probe lines of sight originating from these regions, therefore, they shed light on the paths through which LyC photons escape. Uniquely LGRBs also have the potential to combine the study of these lines of sight (through afterglow spectroscopy) with those of the global properties of their hosting galaxies, through photometric and spectroscopic observations once the afterglow has disappeared. The galaxies presented in this paper are faint and at the limit of current instrumentation, but they will be perfect targets for E-ELT and JWST. Future observations will allow us to determine their characteristics and to define indirect indicators to be used to find similar galaxies at the reionization epoch.

The current limitation of the LGRB contribution to reionization studies is the limited number of LGRBs with afterglow detections, especially at high redshift. Future satellites such as Gamow Explorer (White 2020) and THESEUS 2 (pre-selected as M5 European Space Agency mission), will largely improve this situation. Indeed the latter will allow the detection and redshift estimate of about 150 GRBs at 3 < z < 4, during its three-year nominal duration (Amati et al. 2018;Ghirlanda et al. 2015). Furthermore, its detection of ∼100 LGRBs at z > 6, combined with space and ground based observations, will allow us to directly study the galaxies that contribute to reionization. 

The Lyman-α emission line: A powerful tool to probe the Universe

The Lyman-α (Lyα) emission line is interesting for several reasons:

• It is a transition of the hydrogen atom, which represents 90% of the baryonic content of the Universe (by number and 74% by mass). Therefore, the study of the Lyα line provides informations on the primary baryonic constituent of the astrophysical objects.

• The wavelength at which the line is emitted (1215.67 Å) enables its observation it with ground-based telescopes from z ∼ 1.5, due to the atmospheric cut-off, to very high INTERPRETATION redshifts. In principle, this line can be observed up to z ∼ 20 with spectrographs such as VLT/X-shooter1 .

• The Lyα line is an intense transition among the recombination lines of the hydrogen atom. Its strength makes it one of the most favored feature to detect objects at high redshift, where all the other lines have been redshifted outside the accessible wavelength range.

• This transition is resonant 2 , thus the Lyα photons can experience multiple scattering in the neutral gas before escaping in the sightline of the observer. Therefore, the Lyα photons carry information of regions otherwise inaccessible to the observer. Furthermore, the Lyα emission detection makes possible to retrieve information on the physical properties of the gas scattering the photons, as those shape the line profile.

The Lyα line

The electronic transitions of the hydrogen atom are quantified and correspond to a given energy defined as:

E(n) = - m e e 4 2 2 n 2 = - E 0 n 2 , (4.1) 
where m e is the mass of the electron and e its charge, is the reduced Planck constant ( = h/2π where h is the Planck constant) and n denotes the energy state of the electron (n = 1, 2, 3...) also called the "principal quantum number". E 0 represents 1 Rydberg, which is the binding energy of the electron in its ground state (n = 1). The energy of the photon emitted during the electron transition from an energy level to a lower one is linked to the emission wavelength of the photon by:

∆E = hν = hc λ ⇒ λ = hc ∆E , (4.2) 
where c is the speed of light and ν the emission frequency.

This quantification explains the different Lyman, Balmer, Paschen... series that historically grouped the transitions that end up on a same energy level, n = 1, 2, 3... (see left panel in Figure 4.1).

The Lyα line was discovered in 1906 by Theodore Lyman when he was studying the ultraviolet spectrum of electrically excited hydrogen gas. It is the first transition of the Lyman series and corresponds to the electronic transition between the first excited state (n = 2) and the ground state (n = 1). A Lyα photon has consequently an energy of 10.2 eV, which corresponds to an emission wavelength of 1215.67 Å. Several radiative cascades from INTERPRETATION (n, l) quantum state does not remain on its excited level for a long time, and hence it almost immediately cascades to the ground state. Therefore, the capture of the electron by a proton will definitely end in the production of a certain amount of Lyα photons. Two cases mainly describe the recombination:

• Case A: the electron recombine in an optically thin medium, therefore transparent to photons at all frequencies.

• Case B : the gas is optically thick to all Lyman-series and ionising photons which are re-absorbed instantaneously by hydrogen atoms.

The case B of the recombination concerns most of the astrophysical objects. Under this assumption, it is predicted that 68% of the electrons cascade to the ground state of the hydrogen atom by emitting Lyα emission, considering a medium at the typical temperature T = 10 4 K (Dijkstra 2014).

Collisions

The other way to produce Lyα photons is the electron cascade after collisional excitation. This is generally the case in dense, neutral gas clouds, where hydrogen is self-shielded. The hydrogen atom is therefore not excited by photons but by electrons. The collision between a free electron and an hydrogen atom results in the transfer of kinetics energy from the electron to the atom leaving it in an excited state. The atom then returns to its ground state by radiating. The production of Lyα photons through the conversion of thermal energy of the gas into radiation is what is generally called "cooling radiation".

The reader is referred to Dijkstra (2014) for a detailed review on the collision and recombination processes.

Lyα emission sources

There exist several astrophysical sources of Lyα emission. In the field of galaxy studies, four contributors are at play in the production of this line.

Stellar sources

The most common source of Lyα photons are the star-forming regions hosting young, hot, massive stars (type O and B). These sources emit a substantial amount of ionising photons (λ < 912 Å) which efficiently photo-ionise the surrounding neutral gas creating HII regions. The subsequent recombination of hydrogen produces Lyα photons which bring crucial informations on the stellar population and its environment, as we will see in more details in the following.

THE LYα EMITTERS

AGNs and quasars

The active galactic nuclei (AGNs) and their most powerful subclass, the quasars, are bright sources emitting a significant quantity of ionising photons. For these objects the ionising flux is not produced by young stars but by the accretion of matter onto a supermassive black hole. The UV radiation emitted by these objects has the effect of ionising the neutral gas in the close environment of the black hole, but the jet has also an impact at distances larger than 100 kpc (e.g., North et al. 2017). The ionisation of the gas at the surface of distant gas clouds and its recombination through Lyα emission is called "Lyα fluorescence". The contamination of Lyα and Lyman continuum emission by quasars in the study of galaxy samples is an issue. It can be identified by several indicators: the presence of high ionisation lines such as the NV and OVI lines and strong [OIII],[SII] and [NII] lines; unusual broad UV lines (i.e. NeV, HeII); a strong X-ray or radio emission. However, quasars have been found to represent only a few percent of the observed Lyα emitters at z > 3 (e.g., Malhotra et al. 2003;Ouchi et al. 2008;Hashimoto et al. 2017b).

UV background radiation

A part of UV radiations emitted by massive stars and quasars, are not absorbed by the ISM and can escape into the IGM. It forms what is called the UV background which is ubiquitous in the IGM at z < 6. For systems with N HI < 10 17.2 , this radiation can penetrate the gas and photo-ionise it, which will subsequently emits Lyα photons. For systems with larger N HI , the inner gas is self-shielded and the UV background photo-heat the surface which also radiate Lyα photons. However, Lyα radiation produced in this way is expected to be very faint ∼ 10 -20 ergs -1 cm -2 arcsec -2 at z ≈ 3 (Cantalupo et al. 2005;Kollmeier et al. 2010), and thus represent only a small fraction of the Lyα emission compared to the one produced by massive stars.

Gravitational cooling

During the formation process of galaxies, gas from the IGM falls into gravitational potential wells. The atomic collisions caused by this process heat the gas that further cools by radiating. At redshifts z ∼ 2 -3, a large fraction (∼ 50 %) of this radiation is expected to be emitted as Lyα emission (Fardal et al. 2001).

All these processes provide complementary information on different astrophysics phenomena. In our following study, we will focus on the production of Lyα photons by stellar sources in star-forming regions.

The Lyα emitters

The connection between the Lyα emission and the radiation emitted by massive stars led Partridge & Peebles (1967a) to predict the possible detection of young (z ∼ 10 -30) and bright (L * ∼ 10 46 erg/s) galaxies using the Lyα line. Nevertheless, for three decades INTERPRETATION non Lyα emitters (LAEs) were observed (see, e.g., [START_REF] Djorgovski | The Stellar Populations of Galaxies[END_REF]Thompson & Djorgovski 1995). Several hypothesis tried to explain this lack of detection, such as the suppression of the Lyα line due to metals (Meier & Terlevich 1981), absorption by dust (Hartmann et al. 1988) and lower-than-expected formation of massive stars (Valls-Gabaud 1993). Their discovery was only possible with the arrival of the 8-10 m class telescopes and deep surveys that observed large numbers of high-redshift, star-forming galaxies (Cowie & Hu 1998). The doubtful possibility of LAE detections was then replaced by more and more discoveries at increasing redshifts, as for instance: Guaita et al. (2010) 2017) at z = 7.7. Thus, thousands of LAEs have been discovered nowadays. Numbers of distant galaxies are only detected by their Lyα emission because of their faint continuum, and this feature is often the unique line to infer a redshift. Consequently, the Lyα line is one of the most privileged diagnostic to explore the high-redshift Universe.

Different techniques are used to detect Lyα emission as narrow-band imaging (e.g., Rhoads et al. 2000;Hu et al. 2010;Ota et al. 2010;Ouchi et al. 2010;Kashikawa et al. 2011;Hibon et al. 2012;Konno et al. 2014;Zheng et al. 2017), slit-less spectroscopy (e.g., Malhotra & Rhoads 2005;Rhoads et al. 2009Rhoads et al. , 2013;;Bagley et al. 2017;Schmidt et al. 2016;Larson et al. 2018) and multi-object spectroscopy (e.g., Le Fèvre et al. 2013). Blind surveys of LAEs can be carried out with these methods and provide either photometric detections or directly the spectrum of galaxies in which it is possible to search for Lyα emission. However, they present some limitations: with narrow-band imaging the detections have to be spectroscopically confirmed; with slitless spectroscopy overlaps between close by objects can lead to spectral confusion due to crowded field. Significant improvement in Lyα studies is being with integral field spectroscopy instruments as MUSE 4 (Multi Unit Spectroscopic Explorer, [START_REF] Bacon | Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series[END_REF]) installed at VLT. Such a spectrograph provides the spectrum of each pixel of the observed field of view and allowed the detections and detailed studies of thousands of LAEs at 3 < z < 6 (e.g., [START_REF] Bacon | [END_REF]Inami et al. 2017).

Multiple campaigns with these different observational techniques have provided galaxy samples that allowed the study of the properties and evolution of LAEs. Particularly, the fraction of LAEs (EW(Lyα) > 20 Å) at M UV < -18 mag is found to evolve from 5 % in the nearby universe (Cowie et al. 2010) to ∼ 25 % at z ∼ 3 (Shapley et al. 2003) and to > 50 % at z ∼ 6 -6.5 (Stark et al. 2010;Curtis-Lake et al. 2012). Furthermore, the escape of Lyα photons is also found to increase with redshift, suggesting an evolution of dust and neutral gas properties, as well as of the stellar population in these galaxies.

Several other properties such as the spatial extension of the Lyα emission (Lyα halos), the Lyα equivalent width, velocity shift, escape fraction and their correlations as well as the Lyα luminosity function have been studied through samples provided by large and deep surveys. Some examples of such surveys and associated studies performed the last past years are the VUDS5 (e.g, Marchi et al. 2018;Khusanova et al. 2020), VANDELS6 (e.g, Marchi et al. 2019;Hoag et al. 2019;Pahl et al. 2020;Cullen et al. 2020), and MUSE surveys (e.g, Leclercq et al. 2017Leclercq et al. , 2020;;de La Vieuville et al. 2019;Herenz et al. 2019) Others works have focused on the link between the Lyα radiation and the HI gas to study LAEs as probes of the ionising state of the hydrogen at high redshift. Due to the increase in neutral hydrogen content of the IGM the fraction of LAEs among star-forming galaxies is expected to drop at z ≥ 6 (e.g., Stark et al. 2010;Ota et al. 2017). Indeed, several studies found that the fraction of LAEs at z > 6 seems to decrease implying a higher fraction of HI gas (see e.g., Fontana et al. 2010;Stark et al. 2010;Hayes et al. 2011;Pentericci et al. 2011;Vanzella et al. 2011;Schenker et al. 2012;Ono et al. 2012;Treu et al. 2013;Tilvi et al. 2014;Pentericci et al. 2014;Zheng et al. 2017). Recent MUSE observations have drawn similar conclusions (Kusakabe et al. 2020), even suggesting an increasing HI gas fraction already between 5 < z < 6 which is also inferred by De Barros et al. (2017) and Pentericci et al. (2018b). This question has also been investigated through the presence and velocity shift of the Lyα line in galaxies at the EoR (z ∼ 7, Pentericci et al. 2016;Stark et al. 2015Stark et al. , 2017)). These different studies indicate evidences for a patchy reionisation.

Currently, the Lyα emission is also studied at low redshift in order to understand the Lyα production and escape mechanisms as well as the galaxy properties that shape its profile (e.g., Henry et al. 2015;Hashimoto et al. 2015;Yang et al. 2016Yang et al. , 2017;;Orlitová et al. 2018).

Recent works have shown that some Lyα line properties correlate with the escape of ionising radiation (Verhamme et al. 2017;Izotov et al. 2018b). Therefore, deeply understand its profile could offer the possibility to use the line as a reliable indicator of LyC leakage in high-redshift galaxies.

The Lyα emission line is clearly a powerful feature to detect and study high-redshift galaxies but its complexity inherited from the Lyα radiative transfer makes its use to interpret the physical properties of LAEs really challenging. This is the subject of the next section. The energy of a Lyα photon corresponds exactly to the energy difference between the first excited state and the ground state of the hydrogen atom. Therefore, a Lyα photon encountering a neutral hydrogen atom will be absorbed with the effect to transfer the electron on the first excited level. Since the lifetime of the electron in this state is short (∼ 1.6×10 -9 s), and can only decay to the ground-state, a Lyα photon is re-emitted almost instantaneously which makes the line resonant. However, the photon is re-emitted in a random direction and possibly with a slightly different frequency. These particularities of Lyα photons make it is radiative transfer (RT) complex.

Spectral diffusion

As explained previously, the energy difference between the ground state and the first excited state of the HI atom corresponds to a photon of wavelength λ 0 = 1215.67 Å. Therefore, to resonantly be absorbed a photon has to match this wavelength. If the atom is moving, a Lyα photon is not anymore seen at λ 0 = 1215.67 Å in the reference frame of the atom but Doppler-shifted7 due to its velocity. The interaction probability of a Lyα photon with a neutral hydrogen atom is defined by its scattering cross-section:

σ H (ν) = πe 2 m e c f 12 Γ/4π 2 (ν -ν 0 ) 2 + (Γ/4π) 2 , (4.3)
where ν is the frequency of the Lyα photon in the rest-frame of the HI atom, ν 0 = 2.466×10 15 Hz the Lyα frequency at the line center, f 12 = 0.4162 is the Lyα oscillator strength, m e and e are the mass and charge of the electron, c the speed of light, and Γ = A 21 = 6.26 × 10 8 s -1 is the spontaneous Lyα emission coefficient. Since σ H (ν) ∝ (ν -ν 0 ) -2 , the Doppler shift changes the interaction probability of the Lyα photon.

On the other hand, when a photon is re-emitted by a moving atom it will acquire a Doppler-shift depending on the emission direction compared to the motion of the atom. Indeed, a perpendicular re-emission create no shift, whereas a back-scattering imprints a maximal shift on the wavelength. Consequently, the several scattering experienced by a photon have the effect to shift its wavelength and decrease its probability of interaction, which facilitate its escape. In a static and homogeneous medium, where only the thermal motion is at play, this diffusion in wavelength has the effect to redistribute the photons to the red and blue side of the line center. The resulting spectrum is a symmetric, double-peak profile for which the extent of the two peaks is governed by the number of scattering and hence the density of the medium. Indeed, the optical depth of a Lyα photon in hydrogen can be written as the convolution of the cross section for a static atom with the velocity distribution of atoms:

τ ν (s) = s 0 +∞ -∞ n(v z )σ ν dv z dl, (4.4) 
where s is the path traveled by the photon, and n(v z ) the Maxwellian velocity distribution of the hydrogen atoms projected on the photon propagation direction with

n(v z ) = n H 1 √ πv th e -( vz v th
) 2 which is also written x = -V /b, where V is the velocity along the direction of propagation. By integrating the optical depth (Eq. 4.4) using the definitions given in Eq. 4.3 and Eq. 4.5 (Verhamme et al. 2006), we obtain:

τ x (s) = σ H (x) n H s = σ H (x) N H (4.8)
where n H and N H are the HI density and column density in the direction of propagation.

The left panel of Figure 4.2 shows three examples of double-peak profiles obtained for three different opacities of the neutral gas. The effect of increasing opacity is clearly seen by the redistribution of the photons in the wings.

The probability for a Lyα photon of frequency shift x to be absorbed by an hydrogen atom is simply P x (s) = 1 -e -τx(s) . For typical column densities of N H = 10 19 cm -2 , the probability to been absorbed is almost 100%. Therefore, the only way for Lyα photons to escape from such a dense medium is to be shifted from the line center, or that the velocity of the gas along the direction of propagation (V ) is high. The scattering of Lyα photons is thus very sensitive to the density of the gas but also its kinematics. A gas with a global velocity such as outflow or inflow will absorb the blue or red part of the spectrum, respectively, and redistribute the photons at higher or lower wavelengths as shown in the right panel of Figure 4.2. The reader is refereed to Verhamme et al. (2006) or Dijkstra (2014) for a complete description of the Lyα radiative transfer.

Spatial diffusion

Since a Lyα photon will be absorbed and re-emitted until it can escape the neutral medium, it will potentially experience a large number of scattering. Consequently, the Lyα photons can be finally observed, far from their production site.

The first imaging studies of LAEs showed that substantial Lyα emission is observed in extended low-surface brightness halo which envelop the intense star-forming regions. This large-scale emission can actually account for up to 50% of the total Lyα emission and extend to more than 10 kpc from the UV-bright regions (Hayes et al. 2005;Atek et al. 2008). The Lyman Alpha Reference Sample (LARS, Östlin et al. 2014) performed with the Hubble Space Telescope have shown that an extended Lyα emission compared to the optical emission or UV stellar continuum is near ubiquitous in LAEs (Hayes et al. 2013, see left panel of Figure 4.3) The Lyα halo can have more than twice the size of the UV or Hα emission and extend up to a Petrosian8 radius of 15 kpc (Hayes et al. 2013, see right panel of Fig . 4.3).

The diffusion process mainly depends on the density and distribution of the neutral gas clouds. For clumps of neutral gas optically thick to Lyα photons, they will scatter at the surface of the clouds before penetrating substantially. Therefore, the Lyα photons

Schematic description of the shell model

The commonly used version of the shell model (also the configuration used for the study in Section 5.2), consists of a central source of Lyα and UV continuum photons surrounded by a spherical outflowing shell of hydrogen and dust uniformly mixed. This configuration is schematically represented in Figure 4.7. The empty central region is equivalent to a starburst region filled of ionized gas insensitive to Lyα photons. The figure, shows the effect of the diffusion process of the photon on its observed frequency. A photon is "backscattered" when it passes through the central part before re-entering the shell. The shift frequency of a photon is expressed by the parameter x ∝ (ν -ν 0 ), where ν is the frequency and ν 0 the frequency at line center (left panel Figure 4.7, see Section 4.3.1). No shift corresponds to x = 0 while a redshifted (blueshifted) photon is at x < 0 (x > 0). For an observer placed at the left in Figure 4.7, it sees the closest part of the shell coming toward him (blueshifted) while the other side is moving away (redshifted). The observer will see a global profile (black line) emerging from the Lyα source, but it can be decomposed in several features corresponding to the different scatterings a photon can experience within the shell. They are illustrated in the right part of Figure 4.7.

• Feature 1a, 2: Scatterings without backscaterring. The photons will diffuse in the part of the shell they enter until they escape. They are seen shifted from the line center to the left and right side. Unlike to the static case of Figure 4.2, the blue peak is not symmetric due to the velocity of the shell. This motion has the effect to dim the flux at x > 0 because when entering the shell the blue photons are seen at the same frequency as the gas due to Doppler shift.

• Feature 1b, 1c: The more the photon is backscaterred, the more it is shifted to the low frequencies in the red tail (1c). A prominent peak is seen at 1b, it corresponds to the higher probability for the photon to escape after one backscattering in the opposite direction of the shell (Verhamme et al. 2006). In this case, the photons are redshifted by two times the velocity expansion of the shell (x = -2xv exp ), With such a frequency shift they do not interact anymore when crossing the gas in the opposite side of the shell.

• Feature 3: The photons escapes without being scattered, they will appear at the line center (x = 0) in the profile.

Each of these features vary with the properties of the shell and with the presence of dust which can scatter or absorb the Lyα photons. This results in a large variety of observed profiles.

Shell-model parameters

The intrinsic form of the Lyα emission can be chosen from a monochromatic source to a complex function defined to reproduce the observed Balmer line profile. By assuming a flat stellar UV continuum and a Gaussian profile to describe the Lyα alpha line, the shell model is defined by seven parameters linked to the final profile by modifying its shape in different ways (Verhamme et al. 2006;Gronke et al. 2015).

The intrinsic Gaussian profile is described by three parameters:

• The redshift of the emitter (z) which is the center of the intrinsic Lyα line

• The intrinsic equivalent width of the Lyα line (EW i (Lyα)). It controls the Lyα flux scaling

• The intrinsic width of the Lyα line (σ i , or FWHM 9 ). The effect of increasing the width of the line is to initially distribute more Lyα photons in the wings. These photons will thus less interact with the medium and escape easier. This effect is somehow compensated by higher dust content.

The properties of the shell are described by four parameters:

• The radial expansion velocity (v exp ). This parameter is physically linked to the broadening and the peak shift of the Lyα line. For outflowing shell, the velocity expansion regulates the blue peak intensity by redistributing the photons in the red wing. A higher velocity of the gas increases these effects but when it reaches a sufficiently high value (depending also of the other parameters) the interaction of the photons with the neutral gas is diminished. See for instance Verhamme et al. (2006) for more details on this effect.

• The HI column density (N HI ). The effect of increasing N HI is to broaden the line by shifting the Lyα photons from the line center.

• The dust optical depth (τ d ) at wavelengths in the vicinity of Lyα. The dust grains absorb and scatter the Lyα photons. An increasing dust content will favor this process and affect both the intensity of the line but also its shift and broadening. An increasing N HI boosts the interaction of the photons with dust so both parameters are linked.

• The effective temperature of the gas (T ), including turbulent motion and the true temperature. Its effect is more complex and its impact on the width of the line and the position of the peak depends on the other parameter values. In most cases the temperature cannot be precisely constrained and is degenerate with the other parameters.

The parameters having the highest impact on the Lyα line profile are N HI and v exp (Verhamme et al. 2006(Verhamme et al. , 2015;;Gronke et al. 2015). Consequently, they also are generally the two bestconstrained parameters by the shell-model fit. Furthermore, even if both properties regulate the frequency shift of the Lyα emission peak, they are not found to be degenerate (Gronke et al. 2015). This is because they change the profile differently. One of the most characteristic effect of v exp is also to affect the strength of the blue (v exp > 0 km s -1 ) or red (v exp < 0 km s -1 ) peak of the line. Inversely, degeneracies can be expected between τ d and EW i (Lyα) because both parameters regulate the intensity of the line. Thus, it is possible that a weak intrinsic line with low dust extinction is equivalent to a strong intrinsic line with high dust extinction.

There would also be a degeneracy between b and F W HM i in the sense that both broaden the line profile. Furthermore, the facilitated escape of the Lyα photons by a high b or a low v exp could equivalently reproduce a blue bump in the profile. Gronke et al. (2015) have shown that the determination of these parameters is less precisely recovered than for N HI and v exp when considering simulated spectra. Therefore, a case-by-case analysis of the fitted line is important as well as the comparison with observational constraints.

In practice, the parameters described above are discretised on a grid used to create a library of Lyα line models (Schaerer et al. 2011;Gronke et al. 2015). The study presented in the following chapter is done in collaboration with Max Gronke and thus based on the library of 12,960 spectra and fitting pipeline initially presented in Gronke et al. (2015) and improved as described in Gronke (2017). The algorithm searches in this library for the best-fitting model minimising the χ 2 and returns the corresponding best-fit parameters, as illustrated in Figure 4.8. One has the option to fix certain parameters or impose priors informed from observations.

Success of the shell model

The simplicity of the shell model and its ability to reproduce a variety of observed spectra have led to frequently using the best-fitting parameters of the shell model to constrain galaxy properties (e.g., Verhamme et al. 2006Verhamme et al. , 2008;;Tapken et al. 2007;Kulas et al. 2012;Chonis et al. 2013;Wofford et al. 2013;Shibuya et al. 2014;Hashimoto et al. 2015;Martin et al. 2015;Karman et al. 2017;Yang et al. 2016Yang et al. , 2017)). However, despite the large success of this model, it has been found to fail in certain cases, not reproducing the Lyα profile or the observed properties (Kulas et al. 2012;Chonis et al. 2013;Hashimoto et al. 2015;Yang et al. 2016;Orlitová et al. 2018). INTERPRETATION These limitations are not surprising because the shell model is a clear over-simplification of the complex structure and inhomogeneities of a real galaxy. This observational demand to go beyond the shell model have motivated the emergence of other models such as clumpy shells (Laursen et al. 2013;Duval et al. 2014;Verhamme et al. 2015;Gronke & Dijkstra 2016a;Gronke et al. 2016bGronke et al. , 2017) ) or conical outflows (Dijkstra & Kramer 2012;Behrens et al. 2014;Zheng & Wallace 2014). Those models consider various degrees of anisotropies and inhomogeneities with holes in the HI gas and different velocity fields of the ISM. However, breaking the spherical geometry makes the fitting much more complex with a dependence of the profile on the viewing angle. Furthermore, these models increase the number of parameters, already difficult to constrain observationally in the shell model, leading to more degeneracies. Therefore, the shell model continue to be widely used to fit the data. Despite its simplified representation of a galaxy it succeed astonishingly well to reproduce the Lyα line in the majority of the cases and it is still used to interpret the data.

The widespread success and the occasional failures of the shell model call for further exploration of the topic. In the next chapter, I present a work in which I combine information from LGRB afterglow and host galaxy spectroscopy with the shell model in order to provide more insight taking advantage of the unique capabilities of LGRBs.

Chapter 5

The Lyα-emitter LGRB host galaxies In this chapter, I present my work on the study of Lyα-emitter LGRB host galaxies (LAE-LGRBs). It aims to better understand the properties of LAEs through the combination of the emission properties of the LAE-LGRBs and the information of the afterglow line of sight on the ISM gas. In a first section, I describe previous studies on LAE-LGRBs, as well as the results obtained on the first statistics of LAEs among LGRBs. Then, I present my work on the updated census of LAE-LGRBs and the first study of a sub-sample for which it is possible to measure the main parameters needed to constrain Lyα emission line models.

Previous studies

First LAE-LGRB detections

PREVIOUS STUDIES

with the study of Lyman Break Galaxies (LBGs) at same redshift (Shapley et al. 2003), for which the proportion of LAEs is only ∼ 25 % at rest-frame EW(Lyα) > 20 Å and ∼ 33 % at rest-frame EW(Lyα) > 10 Å.

The study of locally observed LAEs (Charlot & Fall 1993;Kunth et al. 1998;Kudritzki et al. 2000) and those from the sample of LBGs at z ∼ 3 described by Shapley et al. (2003) indicated that LAEs were star-forming galaxies with low-metallicity. These properties are those expected for the LGRB hosts galaxies. Indeed, the properties of the five LAE-LGRBs and the association of LGRBs with the death of massive stars (Galama et al. 1998;Bloom et al. 2002;Stanek et al. 2003;Hjorth et al. 2003a) suggested that LGRB host must be young, star-forming galaxies. Furthermore, models such as the collapsar model (Woosley 1993), predict metal-poor progenitors as a requirement to produce a LGRB, which is in agreement with the preference for LGRB to occur in low-metallicity galaxies. All these could well explain the ubiquity of LAEs within LGRB hosts. Another explanation advanced then was that the detection of afterglows (necessary to localise the LGRB host) is biased against very dusty host galaxies (Fynbo et al. 2001;Lazzati et al. 2002;Ramirez-Ruiz et al. 2002). The dust content is indeed a critical parameter in the detection of Lyα emission since it strongly impacts its absorption due to resonant scattering (see Section 4.3.1).

While the preference for LGRB to occur in sub-solar metallicity galaxies has further been confirmed (e.g. Perley et al. 2016b;Japelj et al. 2016a;Graham & Fruchter 2017;Vergani et al. 2017;Palmerio et al. 2019), the ubiquity of Lyα emission among LGRB host galaxies has been excluded as long as new LGRBs were discovered and their host galaxies observed. This is the subject of the next sections.

First LGRB samples

Since the launch of the Swift mission (Gehrels et al. 2004), the follow-up of GRB afterglows was significantly improved (see Section 1.3.2). Thanks to this progress, studies of samples of LGRB hosts could emerge.

The first significant sample is described in Fynbo et al. (2009). It gathers 77 GRB afterglows selected from all GRBs discovered by Swift at that time for which follow-up optical spectroscopy has been secured. Although the observational selection criteria are crucial to optimise the redshift determination during optical spectroscopic follow-up, the requirement of a measured redshift is a source of bias. Indeed, Fynbo et al. (2009) shows that their Swift sub-sample is significantly biased towards afterglows having smaller X-ray excess absorption, and a smaller suppression of the optical emission compared to the X-ray flux, which suggests low dust absorption. Indeed, a brighter afterglow is easier to be detected and followed-up spectroscopically.

The first sample less affected by such bias is The Optically Unbiased GRB Host (TOUGH) sample (Hjorth et al. 2012). It is composed of 69 LGRBs detected by Swift between 2005 March 1 and 2007 August 10. They have been selected from a total of 236 GRBs triggered during this period according to the following criteria:

1. A GRB detected by BAT on-board the Swift satellite.

2. An afterglow position distributed by XRT within 12 hr after the GRB. This criterion secure a precise afterglow position, necessary for rapid ground-based follow-up. Moreover, it also rejects bursts close to the Moon.

3. A foreground Galactic extinction as determined by Schlegel et al. (1998) of A V < 0.5 mag. High Galactic extinction usually implies a position on the sky close to the Galactic plane and thus a foreground contamination of the observations as well as a low apparent magnitude of the afterglow.

4. A favorable declination, -70°< δ < 70°, for ground-based follow-up. For further samples based on VLT instruments this criterion is restricted to -70°< δ < +27°.

5. An angular distance to the sun larger than 55°. It ensures at least one hour observation during night time, which is is typically enough to secure a spectroscopic observation.

6. The absence of nearby bright stars that would complicate the host galaxy observations.

7. The precise localisation of the burst from the X-ray should be better than 2. ′′ 0 (90 % error radius). It guaranties relevant host searches keeping only dependence on highenergy properties.

8. All the host galaxies of the selected GRBs were observed within the TOUGH large program at VLT, at least 50 days after the GRB to exclude potential contamination from the afterglow or an associated supernova.

This optically unbiased sample of LGRB hosts gave rise to several studies of host galaxy properties (e.g., Hjorth et al. 2012;Jakobsson et al. 2012;Milvang-Jensen et al. 2012;Krühler et al. 2012;Micha lowski et al. 2012). Their observations reach fairly low Lyα luminosities, in the range (0.6-2.3) × 10 42 erg s -1 , and EW(Lyα) in the range 9 -40 Å. They detect significant Lyα emission (≥ 3σ detection) for seven LGRB hosts, corresponding to 35 % LAEs in their sample. This proportion is much lower than the systematic presence of the Lyα emission suggested by the first studies (Fynbo et al. 2003 and Section 5.1.1). The authors investigated the reasons of such a low fraction compared to previous studies, and conclude that LAE-LGRBs are less frequent in dusty systems, and that the pre-Swift LAE-LGRBs were based on detections biased toward

First LAE-LGRB sample

Recent LGRB host galaxy and afterglow samples

During the last decade, the synergy between the Swift mission and VLT instruments, especially X-shooter, combined to the optimised GRB follow-up strategy (see Section 1.3.2), allowed the building of new, larger and well-defined GRB samples. The advantages of the X-shooter spectrograph have already been explained in Section 1.3.2, but particularly, it provides in one shot the widest optical wavelength coverage available to date (300-2500 nm), with a medium spectral resolution (R ∼ 3000 -18000). These specificities turned out to be crucial in the redshift determination of GRBs and the characterisation of host galaxy properties. X-shooter became one of the privileged instrument to be used for GRB follow-up and allowed the building of spectroscopic samples of afterglows and host galaxies as the Xshooter host-galaxy sample (Krühler et al. 2015) and the X-shooter afterglow sample (Selsing et al. 2019), respectively named XHG and XAFT in the followings.

• The XHG sample consists in 96 GRB-selected galaxies at 0.1 < z < 3.6. It represents the largest sample of emission-line spectroscopy of LGRB hosts available to date. It has been build to provide a comprehensive study of LGRB-host galaxies, only based on their emission-lines properties. It relies on X-shooter spectra obtained through several programs from 2009 to 2015.

• The XAFT sample gathers all GRB afterglows observed with X-shooter until 31 March 2017. It is composed of 93 afterglows in the redshift range 0.059 < z < 7.84. The spectra were acquired within 48 hours after the Swift trigger fulfilling observational criteria that minimise the biases introduced by the GRB and host intrinsic properties (see Section 5.1.2).

X-shooter spectra are particularly suitable to study the Lyα line because (i) they have a sufficient spectral resolution, which is necessary for a proper analysis of the Lyα profile (e.g., Verhamme et al. 2015), and (ii) they allow the simultaneously detection of nebular emission lines, essential for the determination of the systemic redshift and the emission properties of the galaxy, important to interpret the Lyα line.

Paper: Gamma-ray bursts as probes of high-redshift Lyman-α emitters and models

In this section, I present a paper in an advanced stage (to be submitted in January 2021) dedicated to the study of Lyα emission among LGRB host galaxies. In the continuity of the LAE-LGRB studies presented in this chapter, I update the census of LAE-LGRB host galaxies by providing a compilation of all detections available to date, and determining the LAE statistics from spectroscopic samples of LGRB host galaxies and afterglows. From the 29 LAE-LGRBs reported, I select a sub-sample of four host galaxies for which it is possible to measure the main parameters needed to constrain the shell model. In collaboration with Max Gronke (Johns Hopkins University, Baltimore, USA), we have modelled the observed 5.2. PAPER: GAMMA-RAY BURSTS AS PROBES OF HIGH-REDSHIFT LYMAN-α EMITTERS AND MODELS Lyα emission line of these four cases. I interpret the results obtained and discuss the differences between model predictions and observations. I also discuss LAE-LGRB properties with respect to LAE samples in the literature.

Introduction

Due to its brightness and rest-frame wavelength, the Lyman-α (Lyα) emission line is one of the most used features to detect high redshift galaxies (e.g. Ouchi et al. 2009;Sobral et al. 2015;Zitrin et al. 2015;Bagley et al. 2017). The natural connection of this line with the UV emission from star-forming regions makes it an interesting proxy to study the escape of Lyman continuum (LyC; <912 Å). Indeed, recent studies, such as those of Verhamme et al. (2015,2017), show that this line is one of the most reliable indirect indicators of ionizing photon leakage.

⋆ Hubble fellow

To escape a galaxy, the Lyα photons produced in starforming regions have to pass through the gas where they are embedded. As this radiation resonantly scatters in the presence of neutral hydrogen and is easily absorbed by dust, the journey of photons in the inter-stellar and circum-galactic medium (ISM and CGM, respectively) can be complex. Nevertheless, different properties can favour their escape such as low neutral-hydrogen (HI) column densities, low dust content or suitable ISM geometries and kinematics (e.g. Kunth et al. 1998;Shapley et al. 2003;Verhamme et al. 2008;Wofford et al. 2013;Henry et al. 2015;Rivera-Thorsen et al. 2015). As a consequence, the Lyα line flux and profile reflect the signatures of the physical and dynamical Article number, page 1 of 27 A&A proofs: manuscript no. output properties of the gas and dust content of the Lyα emitters and their surrounding environment. Interpreting the line is complex, and radiative transfer models which take into account the different sources of distortion of the intrinsic profile are necessary to recover the physical meaning of the observed line. A simple and successful model, commonly used to reproduce the Lyα shape, is the shell model (e.g. Ahn 2004;Verhamme et al. 2006;Schaerer et al. 2011;Gronke et al. 2015). It consists of an expanding shell of neutral hydrogen and dust surrounding a central emitting source. This model is characterized by four parameters describing the shell: the radial expansion velocity, v exp ; the temperature of the gas, T; the HI column density, N HI and the optical depth of dust close to the Lyα wavelength, τ d . The intrinsic Lyα emission is described by three additional parameters: the redshift of the source, z; the equivalent width, EW i (Lyα) and the full width half maximum, FWHM i (Lyα), of the Lyα line. Models based on this configuration have demonstrated their ability to reproduce the large variety of observed profiles from low-and high-z galaxies (see e.g., Verhamme et al. 2008;Lidman et al. 2012;Yang et al. 2017;Gronke 2017).

While successful in reproducing the line profile, it is important to test whether the best-fit parameters values of the shell model correspond to the real characteristics of the Lyα-emitting galaxies. Orlitová et al. (2018) tackled this issue for twelve Green Pea (GP) galaxies at z ∼ 0.2 by constraining 5 out of the 7 model parameters: z, v exp , τ d , EW i (Lyα) and FWHM i (Lyα) using ancillary data. Their results highlight discrepancies between modelling results and observed double-peaked Lyα lines when the models are constrained. In particular, the constrained model neither reproduces the observed blue peak of the line correctly nor, in half of the cases, the red peak. For the prediction of the parameters in the unconstrained case, the main discrepant values are the redshift, the FWHM i (Lyα) and the velocity expansion of the shell. Similar discrepancies for the FWHM i (Lyα) were also found by Hashimoto et al. (2015) for double peak Lyα profiles of galaxies at z ∼ 2.2. This work emphasise that the use of the shell model to interpret the Lyα line and retrieve physical properties, such as N HI , must proceed cautiously to avoid misinterpretation. It also suggests that considering an homogeneous shell to describe star-forming regions and their surrounding gas could be too simplistic.

The simultaneous availability of the information needed to constrain the model parameters is rare, especially at high redshift. Two individual studies of lensed galaxies at redshift z = 2.7 allowed to interpret the Lyα line using partially constrained shell model (Schaerer & Verhamme 2008;Dessauges-Zavadsky et al. 2010). The fitting of the Lyα line is in good agreement with the observation in the study of Dessauges-Zavadsky et al. (2010), while it requires a different expansion velocities for the front and the back of the modelled shell in Schaerer & Verhamme (2008).

Gamma-ray burst (GRBs) can be a useful additional tool to investigate Lyα emission and test the shell model at high redshift. GRBs are the most extreme cosmic electromagnetic phenomena (see Gehrels & Razzaque 2013 for a review). Their brightness makes them powerful probes through the cosmic history since they can be detected up to the highest redshifts (the spectroscopic record holder is GRB 080423 at z = 8.2; Salvaterra et al. 2009;Tanvir et al. 2009). In the case of long GRBs (LGRBs), the energy powering the bursts is released during the core-collapse of massive stars (e.g. Hjorth et al. 2003). In addition, several studies indicate that LGRBs have the tendency to occur in dwarf galaxies with high specific star formation rates and prefer low metallicity environments, typically sub-solar (e.g. Perley et al. 2016b;Japelj et al. 2016;Graham & Fruchter 2017;Vergani et al. 2017;Palmerio et al. 2019). This makes LGRB hosts likely representative of the dominant galaxy populations at high redshift, including during the epoch of reionization (Salvaterra et al. 2011(Salvaterra et al. , 2013;;Tanvir et al. 2019).

The bright afterglows associated with LGRBs provide ideal background lights to probe systematically and at any redshift the ISM, CGM and inter-galactic medium (IGM) along the line of sight of this population of faint galaxies. The absorption present in the afterglow spectra directly traces the environment of the star-forming regions and also of outflows or inflows even for the faintest objects. Once the afterglow has faded, the host galaxy can be directly observed through photometry and spectroscopy. This offers the particularly interesting possibility of combining information on the cold and warm gas with the emission properties of the GRB host galaxy (e.g. Vergani et al. 2011;Chen 2012;Friis et al. 2015;Wiseman et al. 2017;Arabsalmani et al. 2018).

In this work, (i) we update the statistics of Lyα-emitting (LAE1 ) LGRB host galaxies and compare their properties with those of LGRB hosts in general, and of LAE and LyC leakers in the literature; (ii) we use a golden sample of four LAE-LGRB host galaxies at 2 < z < 3.2, and the unique capabilities of the VLT/X-shooter spectrograph (Vernet et al. 2011), to investigate the properties of such systems and test the Lyα radiative transfer modelling.

The paper is organized as follows. In Section 2, we present a statistical study on LAEs in LGRB hosts. We describe the physical properties of the host galaxies of our golden sample in Section 3 and the Lyα radiative transfer model results in Section 4. In section 5, we discuss the differences between model predictions and observations, and we compare LAE-LGRB hosts to LRGB host in general and to LAE and LyC galaxies in the literature. We draw our conclusions in Section 6.

All errors are reported at 1σ confidence unless stated otherwise. We consider a ΛCDM cosmology with the cosmological parameters provided in Planck Collaboration et al. ( 2016): H 0 = 67.8km s -1 Mpc -1 , Ω m = 0.308 and Ω Λ = 0.692.

LAE detections in LGRB systems

The early studies of high-redshift GRB host galaxies, based on the first sample of five objects, (Kulkarni et al. 1998;Fynbo et al. 2002;Møller et al. 2002;Fynbo et al. 2003;Vreeswijk et al. 2004), seemed to indicate that all GRB hosts were LAEs. A subsequent systematic study, based on the larger TOUGH sample (Hjorth et al. 2012; sixty-nine LGRB host galaxies), has been carried out by Milvang-Jensen et al. (2012). They selected the sub-sample of twenty LGRB hosts in the redshift range z = 1.8 -4.5 with available VLT/FORS1 (Appenzeller et al. 1998) spectral data. They found seven LGRB hosts with significant Lyα emission (3σ detection), corresponding to 35% LAEs.

The first step of our work is to update the census of LAE-LGRB host galaxies. To this end we considered two approaches: (i) a determination of the LAE statistics considering spectroscopic samples of LGRB host galaxies or afterglows; (ii) the search for LAE-LGRB hosts in the literature and from the hostgalaxy spectra available in the ESO archive 2 . In both cases, we consider a minimum value of z = 1.6 for the LGRBs, which Notes. The columns indicate the GRB name, its redshift, the exposure time, the slit width and position angle (PA) used, as well as the observing date and the average seeing and air mass of the observations. have information on their dust extinction (and mostly only on the afterglow line of sight). Seven of them have E(B-V)≤ 0.20. Over the 30 objects of the XHG sample having information on E(B-V) (even if with large errors), 70% have E(B-V) values higher than the most extinguished LAE-LGRB in the sample, in agreement with the fact that the LAEs are preferentially found in poorly extinguished systems (Shapley et al. 2003;Pentericci et al. 2007Pentericci et al. , 2010).

If we focus on stellar masses, we see that LAE-LGRBs are associated preferentially with stellar masses M ⋆ < 10 10 M ⊙ , as also found by Pentericci et al. (2010) for galaxy samples. This can be explained again as an effect of dust, assuming that more massive systems are also dustier. The metallicities of the LAE-LGRB systems also support this trend as their values are among the lowest values of the TOUGH and XHG sample (see Appendix A). The median of the stellar mass and SFR of the XHG sample are log(M ⋆ /M ⊙ ) = 10.2 and 21 M ⊙ yr -1 . 50% of objects having a stellar mass below the median value have E(B-V)> 0.25 compared to 70% for the more massive objects. 36% of objects having a SFR below the median value have E(B-V)> 0.25 compared to 63% for those above the median.

LGRB host galaxies are selected in principle only based on the fact that they host a LGRB explosion. Therefore, they are star-forming systems, with a young episode of star formation, and preferentially with sub-solar metallicity (see e.g.: Lyman et al. 2017;Palmerio et al. 2019). In principle, such systems can be good LAE candidates. However, Kornei et al. (2010) found results supporting a scenario where young star-forming systems may not have strong Lyα emission because of their high dust covering factor due to the dust dragged in the outflows from supernovae and massive star winds. The non-trivial link between SFR and Lyα luminosity is also demonstrated by the diversity in Lyα luminosity and its non-correlation with galaxy properties of local LAEs [START_REF] Östlin | [END_REF]Hayes et al. 2014). The results of Pentericci et al. (2010) do not support the hypothesis of Lyα suppression in young star-forming systems, as they did not find a difference in age among the LAEs and non-LAEs of their galaxy sample. Unfortunately we do not have enough information to determine the age of most of the LGRB galaxies considered in this study. However, we can look at LAE-LGRB statistics and compare it to those of LAE in galaxy surveys.

In the survey of galaxies at z ∼ 2 presented by Steidel et al. (2004), 40% of galaxies with available spectra are LAEs and 10% have EW(Lyα) > 20 Å (Erb et al. 2014). Reddy et al. (2008) found 65% LAEs for LBGs at z ∼ 3, and 23% with EW(Lyα) > 20 Å. Pentericci et al. (2010) found a fraction of 50% LAEs in their selected GOOD-MUSIC LBG sample, and 18% with EW(Lyα) > 20 Å. From a rough comparison, the LAE statistics of the TOUGH and XHG samples presented in Sect. 2 is lower than that of those studies. However, the selection cri-teria of the parent sample are different and may contribute to this difference. Most of the above-mentioned studies are based on galaxies with magnitude brighter than R = 25.5. This corresponds to the median value of the THOUGH sample, and about a half of TOUGH LAEs are fainter galaxies. If we apply this selection to the TOUGH sample (hence reduced to 17 objects) we obtain a fraction of 22% ± 15% LAEs and 7% ± 7% LAEs having EW(Lyα) > 20 Å. Those number should be considered as lower limits as the flux limit reached by the Steidel et al. (2003Steidel et al. ( , 2004) ) spectroscopic survey is deeper than ours (typically ∼ 10 -18 erg s -1 cm -2 instead of ∼ 10 -17 erg s -1 cm -2 ). The fraction of LAEs in the TOUGH sample could be as high as 47%, assuming that all the objects with flux limit values above that of the weakest detected Lyα are all LAEs. The magnitude selection of Pentericci et al. (2010) reaches R = 26. Applying the same cut to the TOUGH sample would not change so much the results compared to the R = 25.5 cut.

The golden sample

One of the strengths of GRBs is that they give us the possibility to combine the information on the host galaxy gas retrieved from the afterglow spectra with that obtained through direct host galaxy observations, once the afterglow faded. This advantage can be useful to characterize LAE-LGRB hosts and to test Lyα models.

For this purpose, we selected from the census presented in Sect. 2 a golden sample of LAE-LGRB hosts fulfilling the following criteria: (i) Availability of both afterglow and host galaxy spectra; (ii) LAE detection in the afterglow or host galaxy spectra with spectral resolution R>1000, as lower resolution can lead to a misinterpretation of the line profile (e.g. Verhamme et al. 2015;Gronke et al. 2015); (iii) Detection of other host galaxy emission lines in order to determine the systemic redshift of the galaxy, the intrinsic Lyα and galaxy properties.

We stress the importance of X-shooter observations to fulfill point (iii), thanks to its wide spectral coverage from ∼ 300 nm to 2500 nm.

We find only four objects fulfilling the above-mentioned criteria: GRBs 011211, 021004, 060926 and 070110. The images of their fields, with the slits used to obtain the afterglow and hostgalaxy spectra, are shown in Fig. 5. We reduced the X-shooter spectra of the four GRB hosts (see Table 2) and measured the emission line fluxes (reported in Table 3 and4) accordingly to the procedure described in Sect. 2.1.

For each host galaxy we determined the star-formation rate (SFR) (or put limits on it), and the Lyα properties by the following method. We used the Hα flux (measured or converted Notes. Fuxes are in units of 10 -17 erg s -1 cm -2 and corrected for the Galactic extinction. No correction for host-intrinsic extinction is applied.

Upper limits are at 3σ. * : flux estimated using Hα = 2.86 × Hβ. † : [OIII]λ4959 line not detected. We fixed its flux as being 1/3 of the [OIII]λ5007 flux. # : [OII]λ3729 line falling on a sky line. We fixed its flux as being 3/2 of the [OII]λ3726 flux. )). We converted the Hα luminosity into SFR using the relation from Kennicutt (1998) (

) 1 
We cannot retrieve information on the dust extinction of the four host galaxies from the emission lines, due to the detection of only one of the Balmer lines (Hα or Hβ) in the spectra. Therefore, the SFR values are determined without applying any hostgalaxy dust correction and should be considered therefore as lower limits.

Under the assumption that the Lyα and the Balmer lines originate from the same regions and are produced by the same recombination process, it is possible to infer the intrinsic properties of the Lyα emission line from the Hα or Hβ lines. We determined the FWHM i (Lyα) from a Gaussian fit of the Hα (or Hβ) line profile that we corrected for instrumental dispersion. In case B recombination, the theoretical ratio between the Lyα and the Hα lines is ∼ 8.7 (Brocklehurst 1971). Using this value and assuming no extinction, we converted the Balmer flux to intrinsic Lyα flux (F i (Lyα)). We determined the f esc (Lyα) as the ratio of the observed Lyα flux to the intrinsic one. The rest-frame Lyα equivalent width (EW 0 (Lyα)) is determined by dividing the restframe Lyα flux by the Lyα continuum level.

We will detail more on the analysis of the data of each GRB in the following sections. The fluxes of the identified lines, the SFR, and the Lyα emission characteristics are reported in Tables 3 and4.

GRB 011211

The photometry of the afterglow and host galaxy of GRB 011211 has been published in Jakobsson et al. (2003). The detection of Lyα emission through narrow-band filters was reported by Fynbo et al. (2002). The host galaxy of GRB 011211 has a multicomponent morphology (Jakobsson et al. 2003;Fynbo et al. 2003). The GRB site is in the southeast part of the system, while the Lyα emission peaks in the central-north part of the system and extends over the entire system.

We present here the X-shooter observation of the host galaxy (Prog. ID: 084.A-0631; PI: S. Piranomonte, see Table 2), not previously published. At the afterglow position, we clearly identify the [OIII]λλ4959, 5007 doublet and Lyα line (see Fig. 6). From the [OIII]λλ4959, 5007, we derive a redshift of 2.1434 ± 0.0001. The Lyα peak is redshifted by 280 ± 30 km s -1 compared to the host galaxy redshift. The observed Lyα line properties are reported in Table 4. From the 3σ upper limit on the Hα flux we determine a SFR < 2.0 M ⊙ yr -1 . Perley et al. (2013) obtained an average dust attenuation of A V = 0.19 +0.70 -0.00 mag from the host galaxy Spectral Energy Distribution (SED) fitting.

The afterglow spectrum shows the detection of the GRB Damped Lyα system (DLA) with log(N HI /cm -2 ) = 20.4 ± 0.2 (Vreeswijk et al. 2006), with many associated absorption lines. From the low-ionization state lines (LIS) redshift reported by Vreeswijk et al. (2006) we determine the velocity of the ISM with respect to the systemic redshift of the host galaxy, V LIS = -160 ± 180 km s -1 , with important uncertainties due to the low resolution of FORS2 spectra. The Lyα emission is not detected in the afterglow spectra, likely due to a combination of line faintness, spectral resolution and noisy spectral region. Its peak would fall in the Lyα absorption trough. From the powerlaw fitting of the afterglow, Jakobsson et al. (2003) determined A V = 0.08 ± 0.08 mag along the line of sight.

GRB 021004

The afterglow and host galaxy of GRB 021004 have been intensively observed (see Fynbo et al. 2005 
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19.9 Notes. ∆z = (z fit -z host ) × c, where z fit is the Lyα redshift of the best fit, z host is the redshift derived from the X-shooter emission lines (Table 6), and c is the speed of light; log(N HI /cm -2 ) is the HI column density of the shell; V exp is the shell expansion velocity; log(T/K) is the temperature of the gas; τ d is the dust optical depth; FWHM i (Lyα) and EW i (Lyα) are the intrinsic FWHM and equivalent width of the Lyα line, respectively. Notes. We refer to Section 3 for the value determinations, except for the dust optical depth, τ d , that is converted from A V by considering a dust albedo of A = 0.5 (see Verhamme et al. 2006;Gronke et al. 2015). '*': value determined from the FWHM of the [OIII]λ5007 line.

References:

The A V values are reported in ( 1): The distributions of normalized residuals presented at the bottom of each spectrum are consistent with a unit Gaussian distribution, indicating a good agreement between the models and the observations. While the unconstrained shell model succeeds in reproducing the observed profiles, the comparison between the best shell parameters returned by the fitting (Table 5) and the corresponding values determined from the observations (Table 6) reveals important discrepancies for GRB 060926 and GRB 070110. Their observed HI column density is higher than the fit results, whereas the FWHM i (Lyα) fitting values are largely overestimated. Notes. Flux units are 10 -17 erg s -1 cm -2 . ( 1): Escape fraction of Lyα photons calculated by the models according to the method described in Gronke et al. (2015). ( 2): Intrinsic Lyα flux determined from the flux of the observed Lyα line and the Lyα escape fraction calculated by the models. ( 3): Hα flux inferred from the flux of the observed Lyα line and the f esc (Lyα) provided by the best fit results, calculated using F(Hα) = F(Lyα)/8.7 (case B of the theory of the recombination (Brocklehurst 1971)). ( 4): SFR (in M ⊙ yr -1 ) derived using the Hα flux of column ( 3) and following the method described in Sect. 3.

The Lyα escape fraction ( f esc (Lyα); see Table 7) is also a byproduct of the shell model and is found to be consistent (within the uncertainties) with the value determined from the observations (see Table 4) only in the case of GRB 070110. Particularly, f esc (Lyα) is discrepant for GRB 011211 and 021004 whereas the fit and best-fitting parameters are in agreement with the observations. The disagreement on f esc (Lyα) implies also that the Hα flux and subsequent SFR obtained by the fit are inconsistent with the values determined from the observations (see Tables 3 and7). For GRB 011211 the Hα flux is less constrained (only 3σ upper limit) but a lower Hα flux would imply an increased difference. We caution, however, that the Lyα escape fractions derived from the spectral fitting procedure is highly uncertain as it depends on the fitted value of τ d which mostly has only minor effects on the spectral shape (see discussion in Gronke et al. 2015). The disagreement could also comes from the lack of extinction correction of the observed Hα flux in our calculation of f esc (Lyα) and SFR (see Sect.3). An A V ≈ 0.6 mag for both GRB 011211 and 021004 (considering an SMC extinction curve; (Japelj et al. 2015)) would result in consistent Hα and f esc (Lyα) values within 1σ.

Constrained Lyα profile fitting

We then proceeded to fit the Lyα using the observational constraints described in Sect. 3 and listed in Table 6, as priors. Using the afterglow and host galaxy spectra, as described in Sect. 3, we are able to constrain up to 6 out of the 7 parameters taken as input by the model. It was not possible to constrain the HI temperature. The effect of this parameter on the final profile is complex and usually it is degenerate with the other parameters (Gronke et al. 2015). We let this parameter free for the 4 cases.

For GRB 060926 we lack information about the dust extinction, and for GRB 011211 we have only upper limits for Hα. To be consistent with the constraints on the N HI values derived from the afterglow, the dust extinction are taken from the afterglow SED fitting reported in Sect. 3, when available. The grid we use lower N HI lines of sight from the GRB young star-forming region. This would imply an anisotropic environment. The theoretical studies of resonant line transfer through non-isotropic "shells" (e.g., Dijkstra & Kramer 2012;Eide et al. 2018) as well as turbulent medium with ionized channels (e.g., Kimm et al. 2019;Kakiichi & Gronke 2019) show that Lyα spectra are shaped by the lowest density pathways. This predicts that in general, the column density probed by Lyα is less or equal to the one observed along the line of sight, in agreement to what we find for the LAE-LGRB modeling presented here. To put constraints on the HI anisotropy is important also to the consequences this can have on the ionizing escape fraction of galaxies (e.g., Vielfaure et al. 2020). Already from this work where we find log(N HI (GRB)/N HI (Lyα)) ∼ 2-3 in two of the cases, we can speculate that it is difficult to explain this large anisotropy by purely turbulent driving. For reasonable Mach numbers M 5 studies show only ∼ 1 dex difference (for ∼ 10% of the sightlines; Safarzadeh & Scannapieco 2016) which suggests the need of radiative or mechanical feedback causing larger anisotropies (Kimm et al. 2019;Kakiichi & Gronke 2019;Cen 2020).

LGRBs explode in young star-forming regions and those regions are also expected to be the main birth places of Lyα photons, therefore the properties of LGRB lines of sight could represent the average conditions of Lyα photons environments. The study of LGRB lines of sight show that, from a statistical point of view, low density channels surrounding star-forming regions should be rare. The statistics on N HI probed by LGRB afterglows presented by Tanvir et al. (2019) show that LGRB sites are almost systematically surrounded by dense HI gas. If we consider the proportion of sub-DLA GRBs as representative on average of the low-density channels through which the gas has favourable conditions for the Lyα radiation to escape, they would correspond to 12% of all the possible lines of sight 8 .

Even if

LGRBs sites pinpoint regions with high starformation activity (and therefore a significant production of Lyα photons), another possibility to explain the N HI discrepancy is that most of the Lyα photons that succeed to escape from the galaxy may not originate from the young star-forming regions probed by GRBs (as also proposed by Vreeswijk et al. 2004 for GRB 030323). One way to investigate both scenarios would be through galaxy simulations, studying the global, the line of sight and the Lyα emission properties and comparing them to those determined by LGRB afterglow and host observations. This is beyond the scope of this paper and will be the object of a further paper.

The situation is even more complex if we look at the morphological properties of the host galaxies in more detail. The images of the host galaxies reveal a patchy and irregular morphology (see Fig. 5). The HST images obtained for GRB 021004 (Fynbo et al. 2005) shows that the GRB position is superimposed to the strongest Lyα emitter region. This is not the case for GRB 011211 (Fynbo et al. 2003), where the Lyα emission envelops the entire galaxy but the brightest Lyα region is clearly separated from the GRB position. Interestingly, this does not prevent the match between the shell model and the observations. A complex morphology is also found for other LAE-LGRB hosts (GRB 000926 Fynbo et al. 2002, GRB 050315 andGRB 061222A Blanchard et al. 2016). Such irregular/clumpy systems may represent mergers (e.g., Conselice et al. 2003). It is also possible that the different components observed are just clumps of star formation rather than different merging systems. The presence of a companion galaxy ∼15 kpc away from the GRB 021004 host, and the high velocity absorption found in its afterglow spectra, may suggest interaction of the two galaxies and the presence of outflowing gas. In this light, the success of a very simple configuration as the one of the shell model in reproducing the Lyα profile and the observed parameters is maybe surprising.

Comparison to LyC leakers

In Fig. 10, we compare properties of LAE-LGRB host galaxies to those of known LyC leakers in the literature. For this comparison, we consider the LyC leakers at z ∼ 3.1 reported by Fletcher et al. (2019) and Ion2 (z ∼ 3.2, de Barros et al. 2016;Vanzella et al. 2016). We also consider those detected in the local Universe analysed in Verhamme et al. (2017) as well as the green peas studied in Izotov et al. (2018a,b). The properties compared are the Lyα escape fraction, the rest-frame Lyα equivalent width, the Lyα red peak velocity (v peak ) and also the [OIII]/[OII] ratio (O 32 ). The last three properties have been proposed in the literature to correlate with ionizing and Lyα photons leakage. Verhamme et al. (2017) have pointed out EW(Lyα) > 70 Å, f esc (Lyα) > 0.3, v peak < 150 km s -1 and O 32 > 4 as good indirect indicators of high LyC leakage ( f esc (LyC) >5%). The O 32 ratio is a proxy of the ionization state of the gas in the star forming regions and has been proposed as a marker of density-bounded HII regions (Jaskot & Oey 2014;Nakajima et al. 2013;Nakajima & Ouchi 2014;Stasińska et al. 2015). Its positive correlation with the escape fraction of ionizing and Lyα photons leakage have been shown in several studies for local GPs or highredshift LAEs (e.g. Nakajima & Ouchi 2014;Izotov et al. 2016Izotov et al. , 2018a,b;,b;de Barros et al. 2016;Verhamme et al. 2017;Fletcher et al. 2019).

From the comparisons we see that, except for GRB 060707 and GRB 060605 that show very high v peak , the LAE-LGRBs fall in the same parameters space as LyC leakers and follow the correlations between the indirect indicators found by Verhamme et al. (2017). Following the study of Verhamme et al. (2017) on low-redshift LyC leakers, we can cut these plots in two regions corresponding to strong LyC leakers ( f esc (LyC) > 5%, red rectangle) and weak LyC leakers ( f esc (LyC) < 5%, blue rectangle). All LAE-LGRBs fall in the category of the weak LyC leakers except GRB 021004 which appears systematically in good agreement with the region of the strong leakers. In panel (b) of Fig. 10, we also superimposed the distribution of [OIII]/[OII] ratio for the GRB sample of Krühler et al. (2015) and GRB 081121 reported here. We see that for the majority of the GRBs this ratio is around two, with seven cases at O 32 > 4. GRB 021004 has a high value of O 32 > 10 and is the strongest LAE of our golden sample with a substantial f esc (Lyα) of 60%, in agreement with potentially high f esc (LyC). Nevertheless, the Lyα profile of GRB 021004 is a single peak with no residual flux at the Lyα line center. This is not the typical line shape observed for confirmed LyC emitters which have the tendency to show double-or triple-peak profile (Verhamme et al. 2017;Rivera-Thorsen et al. 2017;Vanzella et al. 2020). Also our shell-model fitting suggests the column densities to be too large to allow LyC photons to escape. However, this model already predicted similar HI column density (log(N HI /cm -2 ) ≈ 19 -20) for four Green Pea galaxies out of the five with detected LyC emission reported in Yang et al. (2017), suggesting that LyC emission can escape through holes tive of that encountered by the Lyα photons; specifically we find N HI (Lyα) ≤ N HI (LGRB) consistent with the picture that Lyα photons escape preferentially through low-column density channels and (ii) as known, the shell model relies on a too simplistic gas configuration. A consistent scenario would be provided by a turbulent medium widening the intrinsic Lyα spectrum, and an anisotropic HI distribution allowing the escape of Lyα photons through lower density channels than probed by the LGRB sightline. We stress that the afterglows of most GRBs and LAE-GRBs show log N HI /cm -2 > 20.3, implying that likely the Lyα photons produced by massive stars will predominantly be surrounded by such high-density gas, and low density channel should be rare (∼ 10%). Models more sophisticated than the simple shell one, like anisotropic gas configurations where lower-density pathways are present (Laursen et al. 2013;Duval et al. 2014;Verhamme et al. 2015;Gronke & Dijkstra 2016a;Gronke et al. 2016b), may be in better agreement with the observational information. Such a description is consistent with mechanical and radiative feedback mechanisms produced by starburst and supernova that clear out channels from the active regions within the galaxies. Another possibility is that, even if dense star-forming regions produce a high fraction of Lyα photons, most of Lyα escaping photons come from less dense regions overall the LAE galaxy. We will investigate further both scenarios in the future taking advantage of galaxy simulations.

Finally, we compare the properties of the LAE-LGRBs with those of LyC leakers in the literature. We considered the commonly used LAE indirect indicators of LyC leakage at low redshift and find that only one LAE-LGRB (GRB 021004) has the corresponding values for being a strong LyC leaker. However (strong) LyC reported in the literature at z ∼ 3, span wider parameters values than those commonly considered to point towards strong LyC leakage, questioning the use of such indicators at least at high redshift.

It would be interesting to perform the analysis presented in this paper on a larger sample of GRBs. To this purpose we will obtain new data thanks to a new VLT/X-shooter program (Prog. ID: 105.20F8; P.I.: J.-B. Vielfaure) to observe eleven more LAE-LGRB host galaxies. In the future it will be possible to extend these studies to higher redshift. Indeed, new space GRB missions like Gamow Explorer (White 2020) and THESEUS 9 (Amati et al. 2018; pre-selected as M5 European Space Agency mission), in synergy with ELT and JWST observations, will enable us to perform similar studies at z > 3.5, and with better statistics. 

Notes. For GRB 060714 the values reported correspond to the Lyα detection from the afterglow spectrum (Jakobsson et al. 2006) but the upper limits derived from the host galaxy (Milvang-Jensen et al. 2012) are given between brackets. Article number, page 19 of 27 a GRB 060707 is part of the XHG sample but the Lyα is not detected in the X-shooter spectrum.

b For GRB 060714 the Lyα line is only detected at 2.5σ in the host galaxy observation of Milvang-Jensen et al. (2012) but is convincingly detected in the afterglow spectrum presented by Jakobsson et al. (2006), therefore we consider it as a detection and report the flux measured in the afterglow spectrum corrected for Galactic extinction.

Motivations

LAE-

LGRB studies show that only a fraction of LGRB host galaxies are observed as LAEs and a majority of them are found to be LGRB-DLAs (log(N HI /cm -2 ) > 20.3), with HI column densities along the LGRB sightline as high as log(N HI /cm -2 ) = 22.6 (see Section 5.2). The statistical investigation of HI column densities probed by LGRB afterglows have shown that

LGRBs are typically embedded in dense and neutral gas with a median log(N HI /cm -2 ) = 21.6 (Tanvir et al. 2019). LGRB progenitors are very massive stars and LGRBs are found to be associated with the bright UV regions of their hosts (e.g., Lyman et al. 2017). If the bulk of the Lyα emission comes from these same regions, it is somehow intriguing to simultaneously observe substantial Lyα emission and dense, neutral gas. Indeed, the latter strongly traps the Lyα photons and prevent high Lyα escape fraction. As seen in Section 5.2, the modelling of the Lyα emission line observed from LGRB host galaxies with a shell model shows that for GRB-DLAs the N HI estimation provided by the shell-model fit is lower (by up to three order of magnitude) than that observed through LGRB afterglows. Supposing that the shell model is valid to describe such systems, these results raise the questions of (i) How representative are the properties probed along LGRB sightlines compared to the global properties of the gas surrounding the LGRB region? (ii) Does the observed Lyα emission mainly escape from the LGRB region?

The simulation approach allows us to investigate these questions statistically by drawing a large number of sightlines from supposed LGRB positions. Using a radiative transport code, presented in Section 6.2.2, I create Lyα mock observations and N HI distributions that I compare to LGRB sightline observations in Section 6.2.2. I could exploit the high resolution of this zoom simulation (∼15 pc) to investigate the location of the main absorbing gas seen along the lines of sight. The available information on the Lyα photons through the simulation, offers the possibility to estimate the escape fraction of Lyα photons from the whole galaxy but also from the LGRB region.

This project is done in collaboration with Jérémy Blaizot and collaborators, at the Observatory of Lyon and Geneva and is based on a cosmological zoom-in simulation of a galaxy at redshift z = 3.0, described in the following sections.

Simulation and radiative transfer 6.2.1 Description of the simulation

The study presented here is based on a galaxy at z = 3.0 simulated by Jeremy Blaizot and collaborators. This galaxy has been generated with a radiation-hydrodynamic zoom simulation ran with the code RAMSES-RT (Rosdahl et al. 2013). This code is an extended version of the adaptive mesh refinement (AMR1 ) code RAMSES (Teyssier 2002), by coupling radiative transfer (RT) of UV photons to the hydrodynamics. This radiation-hydrodynamics (RHD) method has the advantage to consider a self-consistent and on-the-fly propagation of ionising photons in the simulation. It provides the information on the ionisation and thermal state of the hydrogen and helium. Furthermore, it takes into account the self-shielding of the gas against the UV background, which allows the accurate computation of the Lyα emissivity of the gas.

The initial conditions, used to run this zoomed galaxy, have been generated using Multi-Scale-Initial-Conditions (MUSIC), (Hahn & Abel 2011;[START_REF] Hahn | MUSIC: MUlti-Scale Initial Conditions[END_REF] and chosen to reproduce a galaxy at redshift z = 3 typical of LAEs observed for example with the Multi Unit Spectroscopic Explorer (MUSE) [START_REF] Bacon | Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series[END_REF] with UV magnitude M UV = -18.5. The physics used for the cooling, supernova feedback and star-formation is the same as in the SPHINX simulation, described in Rosdahl et al. (2018).

The zoom-in technique consists in selecting a specific region of interest in the cosmological simulation and re-run it with a higher resolution for the dark-matter particles and the grid where the gas evolves. While the selected region benefits of a refined sampling, the rest of the cosmological environment evolves at lower resolution. This approach allows the investigation of small scale properties which are inaccessible with large scale simulations. In our case, this is particularly appropriate as we are interested by the density and geometry of the HI gas in the ISM, as well as the escape of the Lyα emission at the scale of the LGRB region.

The spatial resolution of the simulated galaxy I will use reaches ∼15 pc in the ISM. The galaxy has a virial radius of 29 kpc, with a halo mass of 5.6 × 10 10 M ⊙ , a gas mass of 4.8 × 10 9 M ⊙ , a stellar mass of 2.8 × 10 9 M ⊙ , a SFR2 = 4.2 M ⊙ yr -1 , and a metallicity Z = 0.3 Z ⊙ . Furthermore, this galaxy presents an UV absolute magnitude M 1500 = -18.5, and an escape fraction of ionising photons f esc ∼ 1 % (Mauerhofer et al. 2020 in preparation). These properties could correspond to those of a LGRB host at a similar redshift (e.g. Perley et al. 2016b;Japelj et al. 2016a;Vergani et al. 2017;Palmerio et al. 2019;Tanvir et al. 2019).

The radiative transfer code and mock observations

To build Lyα mock observations of the simulated galaxy, I use the 3D radiative transfer code RAdiation SCattering in Astrophysical Simulations (RASCAS) (Michel-Dansac et al. 2020). This code was designed to perform the radiative transfer of the Lyα photons (i) produced by various sources of radiation3 and (ii) propagating in complex gas configurations. Indeed, RASCAS was especially designed to take as input the information on the gas provided by high-resolution simulations (a few 10 pc), such as RAMSES-RT. These simulations offer the possibility to access to the ionisation and thermal state of the gas. Particularly, this information allows us to compute the Lyα line emitted by recombination and collision with a higher degree of realism than when computed with monochromatic or Gaussian lines emitted in simplistic medium such as a shell. From these simulations, RASCAS offers the possibility to create mock spectra and images comparable to real observations.

To compute the resonant scattering of the Lyα photons, the code follows three main steps based on the properties extracted from the simulation: (i) building of the 3D domain where of recombination (assuming case B, Brocklehurst 1971 see also Section 4.1.2) following Cantalupo et al. (2008) and Hui & Gnedin (1997), and collisional excitation from level 1s to 2p, following Goerdt et al. (2010).

• Direction: The photon packets are initially emitted isotropically in random directions. Radiative transfer: Once the photon packets and their initial conditions are set, they are propagated in the medium following straight lines. They scatter in the gas until they are destroyed by dust or they escape the computational domain which is limited to the virial radius. Their interactions with the gas and dust are defined with the same prescriptions as in the code MCLya (Verhamme et al. 2006). The notions describing it are presented in Section 4.3.1. For a more detailed description on the radiative transfer the reader is refereed to Michel-Dansac et al. (2020) and Verhamme et al. (2006).

Mock observations

RASCAS offers the possibility to build mock observation by using the peeling algorithm (Zheng & Miralda-Escudé 2002) as described in Dijkstra (2017, Sect. 9.3). This method allows us to make images and spectra corresponding to the photons collected only in the direction of an observer. It is possible to choose a spectral width and resolution as well as an aperture radius to make observation of the whole galaxy or only of a part of it. In the following, I present Lyα mock observations of the whole galaxy in order to not introduce flux loss. I considered the spectral range 1207 -1223 Å to be sure to observe the whole Lyα line, even if shifted from the line center, and with a spectral resolution of 0.65 Å, similarly to typical observations. The simulation does not trace the dust directly, therefore its effect is modelled as a post processing by RASCAS. It is taken into account following Laursen et al. (2009b), where the dust optical depth is the product of the dust cross-section and a dust "pseudo-density". The latter is defined as n dust = Z Z 0 × (n HI + f ion n HII ), where f ion regulates the fraction of dust in ionised regions, and Z 0 is a reference metallicity, both are free parameters in RASCAS. In this study, I assume dust properties of the Small Magellanic Cloud (SMC) according to the results of for example Japelj et al. (2015) on LGRB host galaxies. Therefore, I set f ion = 0.01 and Z 0 = 0.005 (Laursen et al. 2009b). Concerning the cross-section (see Section 4.3.1 for its definition), RASCAS has two free parameters corresponding to the albedo (A) and the asymmetry parameter (g) (Henyey & Greenstein 1941). They influence respectively the probability for a photon packet to be scattered or destroyed, and the probability of the direction in which a photon is scattered. I use the value from Li & Draine (2001) for Lyα which are A = 0.32 and g = 0.73. GALAXIES THROUGH SIMULATIONS 2007;Krongold & Prochaska 2013). Furthermore, X-ray observations of LGRB afterglows as the ones of Watson et al. (2007); Campana et al. (2010); Schady et al. (2011) reported an excess of hydrogen column densities measured in X-ray compared to the optical one, which is explained by the ionising effect of the GRB on the gas in its vicinity. In this case, the X-rays would probe the ionised hydrogen close to the GRB, transparent to UV photons.

Previous LGRB studies have investigated the location of the cold and warm absorbing gas, relatively to the LGRB site by measuring the time-variability of fine-structure transitions in LGRB afterglow spectra. However, only a few observations (about ten) have been able to derive such information and their results provide only weak constraints on the distance of the absorbing gas, from ≤ 50 pc to 1 kpc (e.g., Thöne et al. 2011;Vreeswijk et al. 2013).

To take into account the effect of the GRB on its surrounding medium, I will ignore the first 20 pc in the measurement of the HI column densities along each individual sightline. This value corresponds to the maximum determined theoretically and observationally for the photo-ionising effect of the GRB, and is in agreement with the resolution of the simulation.

HI column densities 6.4.1 N HI distribution

Several studies have investigated the N HI distribution of the host galaxy ISM probed by LGRB afterglows using observations (Chen et al. 2007a;Fynbo et al. 2009;Tanvir et al. 2019) and simulations (Pontzen et al. 2010;Cen & Kimm 2014). These studies have been described in Section 3.2, they all found a distribution with median values at N HI ∼ 21.5. Nevertheless, the distribution of Cen & Kimm (2014) shows a second peak at N HI < 18 which account for the majority of their LGRB sightlines but this is not observed in practice. This study investigate the N HI distribution along LGRB sightlines by using radiation-hydrodynamic simulations of galaxies at z ∼ 7. Therefore, a first explanation of this difference could be the redshift range probed which is much higher than that covered on average by the observations (z ∼ 2 -5). A second reason could be their selection of the LGRB sites which is based on type II supernova rate, whereas LGRB are found to be associated with younger progenitors (e.g., Larsson et al. 2007). As a consequence, the low N HI cases of their distribution are associated with stellar particles that have escaped their initial clouds and are found in supersolar metallicity environments. This is in contradiction with LGRB observations showing that they occur preferentially in sub-solar metallicity regions (see above, Section 6.3.1).

The N HI distributions I obtained are shown in Figure 6.3. To compare the results of my study with observations, I will refer to the work of Tanvir et al. (2019) which present the largest compilation of HI column densities probed by LGRB afterglow observations (140 lines of sight).

The N HI distribution drawn from all region is always centered on N HI values larger than the observed one. The distributions obtained for the regions P1 and P5 are the closest from the observations, with a median value of log(N HI /cm -2 ) = 22.4 compared to log(N HI /cm -2 ) = 21.6 for the observed one. We can see in Figure 6.3 the trend of increasing N HI median with decreasing stellar density. This is consistent with the fact that a less dense population of

Lyα mock observations

In this section, I investigate what would be the integrated Lyα emission of the galaxy for an observer looking at the galaxy under the 1000 viewing angles corresponding to the sightlines simulated from the LGRB site P1. To this goal, I built a set of Lyα mock observations using RASCAS with the prescriptions presented in Section 6.2.3. I have selected the LGRB position P1 because its N HI distribution is the closest to the observed distribution of Tanvir et al. (2019). Furthermore, the density of young stars in this region is the highest of the five positions considered and hence is associated with a higher probability that a LGRB occurs at this place. Figure 6.6 shows the Mollweide projection4 of the HI column densities (in high resolution, i.e. sampled with more than 1000 sightlines) seen from the LGRB position. Each pixel of the background color corresponds to a HI column density value, we see that the HI coverage is pretty uniform. Two lower density regions in red-orange and yellow are present at the bottom of the map. All the N HI values are measured by removing the first 20 pc from the LGRB position (see Section 6.3.2). Each of the 1000 colored dots superimposed to this map corresponds to a value of the spatially integrated Lyα flux for the 1000 Lyα mock observations. An example of Lyα mock observation, is presented in the inset on the right. It shows the Lyα flux observed from the galaxy for the corresponding viewing angle. The color of the associated dot corresponds to the integrated flux of the inset. We can see from this projection that high N HI values probed along LGRB sightlines do not imply suppressed or lower Lyα flux. The highest Lyα flux are observed at the poles, especially at the bottom of the projection. It could be due to the a facilitated escape of the Lyα photons through the two lower density regions, but high Lyα fluxes are seen shifted with respect to this "holes". A large part of the highest Lyα fluxes is coincident with very high HI column densities (log(N HI /cm -2 ) > 21). In Figure 6.7, the 1000 simulated Lyα luminosities are compared to the LGRB observations presented in Section 5.2. Both distributions are really similar even if the integrated Lyα luminosities from the simulation are one order of magnitude lower than the observations. The HI column densities inversely are one order of magnitude higher. These difference are discussed in Section 6.7.

These results raise two questions: (i) Is the association of high Lyα flux with high N HI an effect of Lyα diffusion within the gas? (ii) Do the observed Lyα photons come from the LGRB star-forming region? From the inset of Figure 6.6 we can see that the emission is diffuse, but it is not possible to say if it is an effect of Lyα scattering or if there are multiple emission sites within the galaxy. These questions are investigated in the next section. First of all, panel (a) allows us to see that the Lyα emission comes mainly from five knots. In fact, they are coincident with the five LGRB regions presented in Figure 6.2. This is not surprising because these five sites have been selected to be the densest young star regions, which also are the source of ionising radiation producing the Lyα photons. Panel (b) shows that the photons absorbed are not preferentially those emitted by a particular region, but rather proportionally to the total number of photons in each region, and they are absorbed locally to their initial position (panel (d)). This can be explained by the fact that the neutral gas is found to be concentrated close the young stellar regions. Indeed, I have shown in Section 6.4.2 that half the HI column density probed from the LGRB sites is in the first 80 pc, therefore very close to the young stars emitting the radiation responsible for Lyα emission. Finally, panels (c) and (e) show that the photons escaping the galaxy are mainly produced by the three knots in the left top corner. Furthermore, even if we still recognise the emitting regions P1, the spatial distribution of the photons in panel (e) is more scattered than in (c). The fact that regions P1 and P5 have the smallest N HI median value in the distribution of Figure 6.3 can explain the facilitated escape from these regions. I now investigate more quantitatively the fraction of photons that escape from the main young stellar region P1. Defining the GRB region is not simple. If I consider the 50 pc sphere radius delimited by the young stellar particles, it appears to be too small to describe the emitting gas. Therefore, I select by 3D visualisation the overdensity of initial photon packets corresponding to the region P1. The corresponding volume is a cube of 200 × 200 pc centered on P1. To estimate the importance of the LGRB region in the initial and observed Lyα emission, I calculate four ratios:

• The fraction of Lyα photons emitted in the LGRB region compared to the total emitted photons of the entire galaxy LGRB emitted photons Total emitted photons = 15 %

• The fraction of Lyα photons escaping the LGRB region LGRB escaping photons

LGRB emitted photons = 7 % • The fraction of Lyα photons escaping the LGRB region compared to the total escaping photons of the entire galaxy LGRB escaping photons Total escaping photons = 12 %

• The total fraction of Lyα photons escaping the galaxy Total escaping photons Total emitted photons = 9 %

The photons emitted in the LGRB region P1 represent only 15 % of the total Lyα emitted photons in the galaxy. Only 7 % of these photons escape from P1 and they represent 12 % of the total photons that escape the galaxy. The Lyα escape fraction at the scale of the LGRB region (7 %) is almost the same that at the scale of the galaxy (9 %). This low escape fraction is due to the fact that a high fraction of the photons emitted from the more intense regions are absorbed because of the high N HI surrounding them. Figure 6.8 shows also that there are numerous fainter regions diffuse over the whole galaxy where Lyα photons are emitted and escape. Even if their individual fraction of emitted Lyα photons is not high, altogether they contribute significantly to the Lyα escape.

Discussions & Perspectives

In this chapter, I present my preliminary results on the investigation, through simulation, of the puzzling association found in LAE-LGRB observations between high N HI values and Lyα emission. The main results are the following:

-The simulation of LGRB lines of sight have shown that the N HI distributions from the five selected sites have median values higher than observed. This difference can be due to several reasons:practice

• The molecular hydrogen is not taken into account in the simulation used due to its complex modelling and the increased time calculation it would require. Therefore, the over density of the neutral hydrogen could partly be due to this. The over estimation of N HI due to this effect is something to be quantified in the future.

• The ionising effect of the LGRB could be underestimated and affect more than ∼20 pc from the LGRB site.

• The distributions derived here are more similar to the one of Pontzen et al. (2010) without stellar feedback. The effect of the feedback in our simulation is something to investigate further.

• The sites to launch the bursts are selected by the age of the stars (5 -10 Myr). Compared to Pontzen et al. (2010), I have selected stellar regions 5 -10 times younger. This difference comes from the fact that they choose a limit of 50 Myr in order to increase the statistics. Nevertheless, Pontzen et al. (2010) verified the impact of the age threshold in their study, reducing it to 10 Myr which is the minimum imposed by their resolution, and they found no significant change in their results.

• The position of the LGRB site is chosen at the center of each young stellar region. It is possible that a shift from this position affect the N HI distribution. A way to investigate the impact on the position would be to consider a distribution of LGRB sites in each young stellar regions, instead of one, and look at the distribution of median N HI value.

It would allow us to see the variation of the median as a function of the distance from the center of the stellar region.

• From the observational point of view, it is possible that LGRB afterglows are biased against very high N HI values such the ones found in this simulations. Indeed, extremelyhigh HI column densities could imply more attenuation of the UV/optical afterglow and thus a more difficult detection.

-The Lyα mock observations combined to the values of N HI probed along the LGRB sightlines reproduce the distribution observed for the LGRB host galaxies (Figure 6.6). However, the integrated Lyα fluxes from the simulation are one order of magnitude lower than the observation. Conversely, the HI column densities are one order of magnitude higher. The latter could explain the difference on the flux because of the Lyα scattering which increases the probability of interaction with dust. It is important to notice that the simulated galaxy has a M UV = -18.5 and presents an escape fraction of ionising photons of ∼ 1 %. Both characteristics are in agreement with the low Lyα luminosity.

-Finally, the puzzling association between high N HI and Lyα emission has been investigated through the study of the spatial origin of the Lyα photons. The simulation shows that the Lyα emission presents multiple sources, including intense emission from one LGRB site.

Comparing the five LGRB regions, the Lyα photons are found to mainly escape from the two LGRB regions with the lower N HI median. Nevertheless, the Lyα escape fraction from the LGRB position P1, used for this study, is only 7 % and represents 12 % of the total escaping Lyα photons. Multiple (diffuse) regions contribute significantly to the global escaping Lyα emission. Therefore, in this simulated galaxy the N HI probed from the LGRB region is not necessarily correlated to the observed Lyα flux.

-In this study, I have only presented the Lyα emission produced by recombination. Another source is the collisional excitation. A perspective of this project is also to investigate the origin of Lyα photons combining both sources. Nevertheless, a preliminary study I made of 100 mock observations where the Lyα photons are produced by collision shows that this process participate to ∼ 20 % of the total Lyα emission. Therefore the results presented here are not expected to change drastically by taking collisions into account.

Part IV

General conclusion

Chapter 7

General conclusion & Perspectives

Summary of results

In this thesis, I studied the LyC and Lyα emission properties of high-redshift star-forming galaxies using LGRB hosts, through observations, models and simulations. The work presented in this manuscript is based on the unique capability offered by LGRB observations to combine the information of the absorbing and emitting gas of faint, high-redshift galaxies.

In the first work presented in this thesis, I used LGRBs to probe LyC leakage in faint star-forming galaxies. I reported in Vielfaure et al. (2020) the detection of LyC emission in the afterglow spectrum of the recently discovered GRB 191004B. By the analysis of these data with those of the two other previously known LyC-leaking LGRB host galaxies, I showed that LGRB afterglows are powerful tools to detect LyC leakage from very faint star-forming galaxies, and to characterise the pathways of ionising photon escape. The information on LyC escape along the LGRB line of sight is obtained as a by-product of routinely performed observations (of ∼ 1 -3 hours) to determine the redshift of GRBs, compared to the many hours needed for galaxy-based studies to pre-select and observe such faint galaxies.

The second result of this thesis relates to the study of the population of LGRB host galaxies being LAEs. I provided a new census of LAEs among LGRB host galaxies, resulting in a total of 29 LAE-LGRB hosts. I found evidences of LAE suppression in dusty systems, and a fraction of LAE-LGRBs among the LGRB host galaxy population lower than that found for LBG samples at similar redshift range. This result can be explained by the different selection criteria of the parent samples and by the less deep spectral observations of LGRB samples compared to LBG ones. I then investigated further the LAE-LGRB properties and tested the shell model commonly used to fit the Lyα emission line. To that aim, I selected a sub-sample of four LAE-LGRBs for which it is possible to combine the emission properties of the host galaxies with the information on the ISM probed by the afterglow. In collaboration with Max Gronke (Johns Hopkins University, Baltimore, USA), I found that the shell model fails in reproducing the two cases with high HI column densities measured along the afterglow lines of sight. These results can be due to the fact that (i) the N HI of the gas probed by the GRB afterglow is not representative of that encountered by the Lyα photons and (ii) as known, the shell model relies on a too simplistic gas configuration. As the afterglows of most LGRBs and LAE-LGRBs show log(N HI /cm -2 ) > 20.5, statistically the Lyα photons produced by massive stars will be surrounded by such high-density gas. More sophisticated models, like shells with holes of ionised gas favoring the Lyα and ionising photons escape, could explain the observations. Another possibility is that the detected Lyα emission does not predominantly escape from the young star-forming regions, rich of massive stars, where

LGRBs take place. This study is reported in a paper in preparation that will be submitted in the next months.

Finally, I used simulations to draw physical interpretations from the results of the LAE-LGRB study. In collaboration with Jérémy Blaizot (CRAL, Lyon) and Valentin Mauerhofer (UNIGE, Genève), I studied the HI column densities and Lyα emission properties of a simulated galaxy at z = 3 similar to typical LGRB hosts. I found that the simulated N HI distributions have median values higher than the observations. This result can either be due to the limits of the simulation, to biases of the observations against very high N HI values (log(N HI /cm -2 ) > 22.5) or to a much significant impact of the GRB on its environment. However, the combination of the Lyα mock observations with the values of N HI probed along the LGRB sightlines reproduce the observed distribution for the LGRB host galaxies, i.e., there exist cases of high N HI associated with substantial Lyα emission. I then investigated this intriguing association through the study of the spatial origin of the Lyα photons. I found that, even if the LGRB star-forming regions produce a significant fraction of Lyα photons, the Lyα emission observed is due to photons escaping the galaxy from multiple (diffuse) regions within the galaxy rather than from the dominant, young star-forming region likely hosting a LGRB. Therefore, in this simulated galaxy the N HI probed from the LGRB region is not necessarily correlated to the observed Lyα flux. This work will be deepened and is aimed to be presented in a future paper.

Perspectives

LAE-LGRB observations

The results presented in Chapter 5.2 on the comparison between observations and predictions of Lyα shell model are based on the four only LAE-LGRBs with suitable data to constrain the model. For 16 of the other 25 LAE-LGRBs known to date, spectroscopy of the host galaxy is the only data missing to enable a constrained fitting of the Lyα emission line with the shell model. During my PhD, I wrote and submitted a proposal (see Appendix A) for X-shooter observations of the sub-sample of these host galaxies (eleven objects) visible from the southern hemisphere and at suitable redshift to detect the Balmer and/or [OII] or [OIII] lines. The proposal has been awarded time (A priority) by ESO and will allow me to enlarge our sample by almost a factor of four. Added to the four cases (golden sample) already considered for our first study, these observations will allow us to sample 75 % of the LAE-LGRB hosts with an available afterglow spectrum and enlarge the statistics of the properties of LAE-LGRB hosts. The targeted galaxies have N HI values varying from log(N HI /cm -2 ) = 18 to 22.2 (see Figure 7.1). Nine out of the eleven hosts targeted in the present proposal are LGRB-DLAs and thus belong to the class of discrepant cases found in the study of the Section 5.2. Therefore, they are particularly interesting to investigate the 125 7.2. PERSPECTIVES This simulation can also be exploit through several other aspects:

• The galaxy studied in Section 6 corresponds to a snapshot of the cosmological simulation at z = 3, but the outputs of the simulation have a time resolution of 10 Myrs and cover the redshift range 3 < z < 6. Therefore, we can study this galaxy at different time steps and follow the evolution of the Lyα emissivity, the N HI median values of the LGRB sites as well as the global and local (from LGRB sites) Lyα escape fraction.

• In addition to the neutral gas, the simulation also offers the possibility to investigate the metals present in the ISM. To push further our understanding of the observations obtained through LGRB afterglow spectroscopy, I have started a work in collaboration with Valentin Mauerhofer (UNIGE, Genève) to build mock observations of the typical metal absorption lines observed in LGRB afterglows. The aim of this project is to compare the column densities, profiles and distances to the LGRBs of the gas probed within the simulated galaxy to typical LGRB afterglow observations. This work will allow us to better understand and interpret the observations obtained through LGRB afterglow spectroscopy. In order to compare these results with a LGRB afterglow spectrum of reference, I have started to build a stacked spectrum based on the latest sample of LGRB afterglow spectra provided by Selsing et al. (2019). This project is presented in more details in the next section.

X-shooter GRB afterglow sample: The high signal-to-noise ratio composite spectrum

The first large samples of GRB afterglow spectra have enabled the study of the individual and general properties of GRB host galaxies. As explained in Section 5.1.2 the first significant sample is described in Fynbo et al. (2009) and used by Christensen et al. (2011) to build a high signal-to-noise ratio (SNR) composite spectrum. This spectrum obtained through the stack of 60 LGRB afterglows, with redshifts in the range 0.35 < z < 6.7, covers the rest-frame wavelength range 700 -6600 Å with a dispersion of 1 Å pixel -1 . With this stack, Christensen et al. (2011) provided a reference spectrum (see Figure 7.2) for the comparison of individual LGRB spectrum, and an analysis of the typical spectral features seen in LGRB afterglow spectra.

I have started a project where I use the X-shooter GRB afterglow legacy sample (XS-GRB, Selsing et al. 2019) to update the reference sample of Christensen et al. (2011). In a first step, I have built a composite spectrum of 62 LGRB afterglows with redshifts in the range 0.059 < z < 6.327. This new stack has the advantage of being built from a well-controlled sample that minimise the selection biases (Selsing et al. 2019). Furthermore, all spectra were obtained with X-shooter and therefore the stack covers a larger wavelength range and reaches a better resolution than the previous composite spectrum. The final spectrum covers the rest-frame wavelength range 300 -23500 Å with a dispersion of 0.6 Å pixel -1 (see Figure 7.2).

On the one hand, I will use this spectrum as a reference for the absorption lines simulated in the project described in Section 7.2.2. On the other hand, I aim to publish this spectrum 7.2.4 LyC leakage from LGRB host galaxies An important step in the study of LyC leakage in LGRB hosts, and, more in general, in high-redshift galaxies, will be to detect the emission lines of these galaxies to characterise their properties so as to be able to find their equivalent at very high redshift.

Such observations will be possible in the future with JWST thanks to the wavelength coverage of its Near InfraRed Spectrograph (NIRSpec, 0.6 -5 microns) and Mid-Infrared Instrument (MIRI, 5 -28 microns).

The current limitation of LyC (and Lyα) studies using LGRB afterglows and host galaxies, but also more in general of LGRBs as tools to probe the very high-redshift Universe, is the limited number of LGRBs with optical afterglow detections. Future satellites such as THESEUS and SVOM will increase the detection and redshift determination of GRBs, as explained in more details in the next sections. Therefore, the synergy between these satellites and JWST and E-ELT will allows us to detect and characterise more LyC leakers hosting LGRB, especially the faint and high-redshift ones.

Future missions

SVOM SVOM1 (Space-based multi-band astronomical Variable Objects Monitor) is a Chinese-French mission dedicated to the study of transients phenomena and particularly GRBs. This satellite is to be launched in 2022 and will be composed of four instruments (see Figure 7.3) that will allow: (i) the detection of GRBs thanks to the Gamma Ray Burst Monitor (GRM, 15 keV -5 MeV) and ECLAIRs (4 -250 keV); (ii) the localisation of the source with an accuracy < 1 arcmin by the Microchannel X-ray Telescope (MXT, 0.2 -10 keV); and (iii) the rapid (< 10 minutes) and precise localisation (< 1 arcsec) by imaging the source with the Visible Telescope (VT, 450 -1000 nm). The VT on-board SVOM will improve the current detection of high-redshift optical afterglows thanks to the high sensitivity of its cameras and the large wavelength range covered compared to Swift/UVOT.

More generally, the number of localised optical afterglows of SVOM is expected to be considerably improved for the following reasons:

• the optical telescope (VT) on-board the satellite;

• the optimised pointing strategy maximising the detection of GRBs immediately observable by ground-based optical telescopes;

• a dedicated ground segment composed by: (i) the Ground-based Wide Angle Camera (GWAC), a large field of view instrument observing in optics and following the field of view of ECLAIRs; (ii) two Ground Follow-up Telescopes (C-GFT and the F-GFT) which are two robotic telescopes, one of them with infrared capabilities allowing to detect afterglows at high redshift. A rapid optical-NIR afterglow localisation is fundamental to trigger afterglow spectroscopic observations. ∼ 60 % of the GRBs detected by SVOM are expected to have a redshift determination whereas currently, this fraction is only ∼ 30 % for Swift. SVOM will place France in an excellent position to be at the forefront of GRB science in the next years.

THESEUS

THESEUS2 (Transient High Energy Sky and Early Universe Surveyor) is a space mission concept that was pre-selected as M5 mission by the European Space Agency (ESA) in May 2018, and to be launched in 2032. This mission has several science goals in line with the work presented in this thesis, among which the study through LGRBs: of the ISM and IGM and its evolution up to redshift ∼ 10; of the sources and physics of reionisation; and of the galaxies belonging to the faint end of galaxies luminosity function. To reach these goals, the satellite will be composed by a combination of three instruments that will allow: (i) the detection of GRBs with unprecedented sensitivity on a ∼ 2 sr field of view and a source location accuracy of ∼ 10 arcmin thanks to the X-Gamma rays Imaging Spectrometer (XGIS, 2 keV -20 MeV); (ii) the precise localisation of the source with an accuracy < 1 -2 arcmin by the soft X-ray Imager (SXI, 0.3 -5 keV); and (iii) the rapid (few minutes) on-board transient identification and redshift determination by imaging and/or spectroscopy with the InfraRed Telescope (IRT, 0.7 -1.8 m).

As shown in Figure 7.4, THESEUS will allow the detection and redshift estimate of about 150 GRBs at 3 < z < 4, during its three-year nominal duration (Amati et al. 2018;Ghirlanda et al. 2015). Furthermore, its detection of ∼ 100 GRBs at z > 6, combined with space and ground-based follow-up observations, will allow us to directly study the galaxies that contribute to reionisation.

DESCRIPTION OF THE PROPOSED PROGRAMME

A -Scientific Rationale: The Lyman-α (Lyα) emission line is a very powerful tool to detect star-forming galaxies at very high redshift. Its resonant nature makes the line flux and profile dependent on the physical and dynamical properties of the gas of the Lyα emitter and the surrounding IGM (see e.g. Verhamme et al. 2006, A&A, 460, 397;Dijkstra et al. 2006, ApJ, 649, 14;Laursen et al. 2009, ApJ, 696, 853). Through the modelling of the Lyα emission line profile and luminosity it is possible to infer information on the star formation and the kinematics of the gas of the associated star-forming galaxy and environment. The radiative transfer process is commonly modelled by a spherically symmetric thin shell of gas and dust that scatters photons emitted by a central Lyα source (Fig. 1a). The Lyα emission line fitting using these shell models has been successful in reproducing a large variety of Lyα profiles and allowed to recover the properties of the ISM (e.g. Verhamme et al. 2008, A&A, 491, 89 ;Yang et al. 2017, ApJ, 844, 171 ;Gronke et al. 2017, A&A, 608, A139). However, galaxies are more complex than shells. Orlitova et al. (2018, A&A, 616, A60) performed the fitting of the Lyα emission of 12 low-redshift Green Peas galaxies. They show that, when there are observations available to partially constrain the parameters of the models, there are discrepancies between the fitting results and the observations. Current models rely on several parameters such as the neutral hydrogen column density (N HI ), the dust content, the FWHM of the line, the systemic redshift and the velocity of the inter-stellar medium (ISM) absorption lines. These are normally free parameters in the fit, leaving plenty of leeway to the models. Therefore, a more robust interpretation and a complete picture of the Lyα emitting system can be obtained when additional information on its properties is available. These data are rarely simultaneously obtainable, especially at intermediate/high redshift. Lyα-emitter (LAE) long GRBs (LGRB) host galaxies can be particularly useful in this sense. LGRBs are associated with young star-forming regions (where massive stars emit the bulk of ionizing photons) and their host galaxies belong to the population of the faint star-forming galaxies that form the bulk of star-forming galaxies at high redshift (Tanvir et al. 2012, ApJ, 754, 46;Salvaterra et al. 2013, MNRAS, 429, 2718;Palmerio et al. 2019, A&A, 623, A26). Through the absorption lines detected in LGRB optical afterglow spectra, the N HI , dust depletion and gas kinematics of the LAE system can be determined directly. Furthermore, once the afterglow fades, we have access to the nebular emission lines of the host galaxy, allowing the determination of additional properties, including its systemic redshift.

Taking advantage of the full information provided by the LGRB-LAE observations, we have started a new project (main topic of J.B. Vielfaure PhD thesis) joining observational and theoretical expertise to study in detail the LGRB-LAE systems and to test the models of Lyα emission.

Our project: To this purpose we have selected a golden sample of LGRB hosts composed by all the LAE systems with i) available VLT afterglow spectra; ii) X-Shooter spectra of their host galaxies showing the detection of the Lyα emission line as well as that of Balmer and/or [OII] or [OIII] lines. To date, our sample is composed of four objects at 2 < z < 3.2 for which:

-we determined the relevant properties to constrain the model parameters listed above (e.g. N HI , ISM velocity) -we used the shell models developed by Gronke et al. 2015 (ApJ, 812, 123) to fit the Lyα emission line and compare the resulting values of the parameters with those determined from the observations. Our first results show that for two hosts the shell models correctly reproduce the Lyα emission and the best-fit values of the parameters agree with those determined from the observations (see Fig. 1c). For the two other cases, characterised by high N HI (21.7 ± 0.10 and 22.6 ± 0.15), the best fit is obtained for parameter values not corresponding to those measured (see Fig. 1d). Discrepancies are found for the velocity of the gas, the N HI and the intrinsic Lyα properties. We stress that, even if the N HI is determined along the line of sight of the LGRB, this is not related to the GRB itself. As LGRB are associated with massive stars, the N HI values should correspond to the "typical" lines of sight encountered by ionizing photons produced in star-forming regions (Tanvir et al. 2019, MNRAS, 483, 5380 and Fig. 1b). Nevertheless, as Lyα photons diffuse outward using preferentially the low column-density channels, possible explanations of the discrepancies between models and observations are i) dense clumps of gas immerse in a lower density medium; ii) photons escape through other less dense star-forming regions. To test those possibilities, we are now i) extending our study to clumpy models (e.g. Laursen et al. 2009, ApJ, 696, 853;Duval et al. 2014, A&A 562, A52;Gronke & Dijkstra 2016, ApJ, 826, 14); ii) comparing the properties of our observed host galaxies and LGRB lines of sight with mock observations of a simulated galaxy, similar to LGRB hosts at z = 3. We used a cosmological simulation run with RAMSES-RT (Rosdahl et al. 2013, MNRAS, 436, 2188) and we built the mock observations with the radiative transfer code RASCAS (Michel-Dansac et al. in prep.) which propagates the Lyα photons through a complex and more realistic galactic system. Another advantage of using simulations is the possibility to trace individually the photon packets, allowing to determine their origin and understand the mechanisms of Lyα radiation escape. 
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Figure 1 . 1 :

 11 Figure 1.1: Sky positions of all GRBs detected by BATSE during its ∼9 years mission. The color-code is for the flux integrated over the time of the event. Image from http://gammaray. msfc.nasa.gov/batse/grb/skymap/.
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 16 Figure 1.6: HST image (optical) of the first GRB afterglow (GRB 970228) detected in X-rays and then in optical. (Source: http://hubblesite.org/gallery/album/exotic/pr1997030c/web/ npp/all/)
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Figure 2 . 1 :

 21 Figure 2.1: Schematic timeline of the history of the Universe. Following the formation of the first stars and galaxies, the light released in the IGM illuminated the Dark Ages and reionised the Universe. Credits: National Astronomical Observatory of Japan (NAOJ).

Figure 2 . 2 :

 22 Figure 2.2: Schematic view of the formation of the Lyα forest in the spectrum of a distant source.At the top, the main undulated line represents the light emitted by a distant galaxy and redshifted as it travels through the IGM. When this light encounters HI gas clouds, the redshifted photons (seen at λ Lyα = 1215.67 Å by the HI atoms) resonantly scatter producing four distinct absorption lines at different redshifts (z 1 < z 2 < z 3 < z 4 < z gal ). At the bottom, the black line represents the observed spectrum with a prominent Lyα emission line at the redshift of the galaxy (z gal ). The figure is adapted from astro.ucla.edu's web site.
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 3 LGRB, A UNIQUE TOOL TO CHASE IONISING PHOTON LEAKAGE IN FAINT STAR-FORMING GALAXIES Chapter 3

⋆

  Results based on observations carried out at ESO Observatory, Paranal, Chile, by the Stargate consortium under Program ID: 0104.D-0600, P.I.: N. Tanvir. ⋆⋆ Hubble fellow.

  at z = 2.1, Wang et al. (2009) at z = 4.5, Ouchi et al. (2010) at z = 6.6, Stark et al. (

4. 3

 3 Interpretation of the Lyα line 4.3.1 Radiative transfer Resonant nature of the Lyα line

( 4 . 5 )v 2 turb( 4 . 6 )

 45246 This velocity distribution is characterised by a thermal dispersion v th = (2k B T /m H ) 1/2 , where k B is the Boltzman constante and m H the mass of the hydrogen atom. This dispersion creates what is called the Doppler width of the line ∆ν D = ( v th c )ν 0 . The turbulence can also have an effect, which is added quadratically to this enlargement to give a final Doppler width: b = v 2 th + It is quite common to work with the dimensionless variable x instead of the frequency ν. It corresponds to the frequency shift with respect to the central frequency ν 0 in Doppler width 4
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 47 Figure 4.7: Illustration of the shell model (MCLya, Verhamme et al. 2006). The right panel is a schematic representation of the shell model with a central Lyα source. The different scenarios of the scattering and escape of Lyα photons are indicated by different lines. The left panel shows the Lyα profiles corresponding to the diffusion processes illustrated in the right panel.
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  Milvang-Jensen et al. (2012) have carried out a systematic search for Lyα emission in a sub-sample built from the optically unbiased TOUGH sample(Hjorth et al. 2012 and previous section). They selected 20 LGRB hosts with a redshift in the range z = 1.8 -4.5. Their results on the LAE detection from their spectroscopic follow-up with the VLT/FORS1 1 spectrograph(Appenzeller et al. 1998) is illustrated in Figure5.1.

  , scaled to the Chabrier (2003) initial mass function as: SFR(Hα) = 4.6 × 10 -42 L(Hα MWcor obs ) M ⊙ yr -1 .

•

  Frequency: The emission frequencies in each cell follow a Gaussian distribution centered on frequency ν 0 and standard deviation σ ν using the Box-Muller method (see Michel-Dansac et al. (2020) Sect 2.1.3). The frequency ν 0 is the line center of the Lyα line corresponding to 1215.67 Å and σ ν is defined by the mean velocity of the hydrogen atoms in the cell as σ ν = ν 0 (2k B T /m p ) 1/2 /c, where k B is the Boltzmann's constant, T the temperature of the gas, m p the mass of a hydrogen atom and c the speed of light.

6. 6 .

 6 LYα ESCAPE absorbed; (e) the last scattering before the Lyα photons escape. These five maps are shown in Figure6.9.

Figure 7 . 3 :

 73 Figure 7.3: SVOM instruments and ground-based telescopes. Credits: CEA-Irfu.
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 14 Run 1 • P105 • XSHOOTER • SM FLI: 30% • Turb.: 50% (Seeing < 0.8 arcsec) • pwv: 30.0mm • Sky: Clear • Airmass: 1.060605 • 21:28:37.32 • -06:03:31.3Tel.
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Table 2 .

 2 Observing log of the observations of the four GRB host galaxy spectra of the golden sample analysed in this paper.

	GRB host	Redshift	UVB	Exposure time (s) VIS	NIR	Slit width UVB VIS NIR	PA (deg)	Obs. date	Seeing Air mass (") (")
	GRB 011211 GRB 021004 GRB 060926 GRB 070110	2.1434 2.3298 3.2090 2.3523	4 × 1800 4 × 1800 4 × 900 4 × 1200 4 × 1200 8 × 650 2 × 1800 2 × 1800 6 × 600 4 × 1680 4 × 1680 8 × 840	1.0 1.6 1.0 1.0	0.9 1.5 0.9 0.9	0.9 1.5 0.9 0.9	123 41 47 41, 62 2010-10-29 2010-03-18 2009-11-21 2010-04-18	0.5 1.3 0.8 0.8	1.4 1.4 1.3 1.4

Table 3 .

 3 Fluxes of Balmer and oxygen lines and derived properties.

	Article number, page 6 of 27

Table 4 .

 4 Fluxes and properties of the observed Lyα emission line.Notes. The Lyα fluxes are corrected for the Galactic extinction. No correction for host-intrinsic extinction is applied. The EW 0 (Lyα) and FWHM 0 (Lyα) are respectively the rest-frame equivalent width and FWHM of the observed Lyα line. The Lyα red-peak shift is the velocity shift of the Lyα peak redward the theoretical Lyα line center, as calculated from the systemic redshift of the galaxy. The escape fraction of Lyα photons (f esc (Lyα)) and the intrinsic flux of the Lyα line (F i (Lyα)) are determined from Balmer lines as described in Sect. 3. We stress that these escape fractions are not corrected for dust extinction as explained in Sect. 3.

	GRB host	F(Lyα)	EW 0 (Lyα) FWHM 0 (Lyα) Lyα red-peak shift	f esc (Lyα)	F i (Lyα)
		[10 -17 erg s -1 cm -2 ]	[Å]	[km s -1 ]	[km s -1 ]		[10 -17 erg s -1 cm -2 ]
	GRB 011211 GRB 021004 GRB 060926 GRB 070110	1.6 ± 0.2 16.9 ± 0.3 5.3 ± 0.4 2.8 ± 0.5	14 ± 3 105 ± 10 37 ± 7 33 ± 8	249 ± 60 228 ± 20 417 ± 40 412 ± 80	280 ± 30 180 ± 20 250 ± 20 285 ± 40	> 0.16 0.59 ± 0.08 0.13 ± 0.03 0.36 ± 0.09	< 10.4 28.8 ± 3.5 40.0 ± 7.9 7.8 ± 2.7

from the Hβ flux, assuming Hα = 2.86 × Hβ; Osterbrock 1989) to derive the Hα luminosity corrected for Milky Way extinction (L(Hα MWcor obs

Table 5 .

 5 and references therein). Best-fit results of the unconstrained shell model
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Table 6 .

 6 Observationally determined values of the parameters of the shell model

	GRB host	Redshift log(N HI /cm -2 )	V LIS	A v	τ d	FWHM i (Lyα) EW i (Lyα) Refs
				[km s -1 ]	[mag]		[km s -1 ]	[Å]
	GRB 011211 GRB 021004 GRB 060926 GRB 070110	2.1434 2.3298 3.2090 2.3523	20.4 ± 0.20 19.5 ± 0.50 22.6 ± 0.15 21.7 ± 0.10	-160 ± 180 0.08 ± 0.08 0.52 ± 0.52 -80 ± 20 0.20 ± 0.08 1.29 ± 0.52 -30 ± 180 ---20 ± 50 0.08 ± 0.08 0.52 ± 0.52	50 +10 -10 * 200 +20 -20 50 +20 -50 30 +10 -30	< 64 160 ± 40 275 ± 85 75 ± 35	(1) (2) (3)

Table 7 .

 7 Properties derived from the best fit results (unconstrained model)

		Values obtained from the unconstrained fitting results
	GRB host	f esc (Lyα) (1)	F i (Lyα) (2)	F(Hα) (3)	SFR(Hα) (4)
	011211 021004 060926 070110	0.03 +0.07 -0.02 0.27 +0.07 -0.05 0.69 +0.19 -0.22 0.43 +0.32 -0.24	53.1 +124.5 -37.5 62.6 +16.3 -11.6 7.8 +7.5 -7.5 7.0 +5.3 -4.4	6.1 +14.3 -4.3 7.2 +1.9 -1.4 0.9 +0.4 -0.4 0.8 +0.6 -0.5	10.1 +24.0 -7.2 14.7 +3.9 -2.9 3.9 +1.8 -1.8 1.6 +1.3 -1.1

Table A . 1 .

 A1 List of theLGRBs in the TOUGH sample with Lyα-emission detection (in bold) or upper limit.

	GRB	Redshift	Host	OA	Lyα Host Lyα OA EW(Lyα)	F(Lyα)	L(Lyα)	Refs
							[Å]	[10 -17 erg s -1 cm -2 ] [10 42 erg s -1 ]	
	050315	1.9500	F1	no	yes	...	9.2 ± 2.8	2.34 ± 0.68	0.64 ± 0.19	(1)
	050401	2.8983	F1	F2	no	no	< 16.3	< 1.12	< 0.80	(1)
	050714B 2.4383	xsh	F1	no	no	< 17.08	< 0.74	< 0.36	(2)
	050730	3.9686	F1	UVES	no	no	...	< 0.87	< 1.32	(1)
	050819	2.5042	xsh	no	no	...	< 9.30	< 1.74	< 0.91	(2)
	050820A 2.6147	F1	UVES	no	no	< 8.1	< 1.01	< 0.56	(1)
	050908	3.3467	F1	F1	no	no	...	< 0.64	< 0.64	(1)
	050915A 2.5273	xsh	F1	no	no	< 9.45	< 0.61	< 0.33	(2)
	050922C 2.1992	F1	AlFOSC	no	no	...	< 1.93	< 0.70	(1)
	051001	2.4296	xsh	F1	no	no	< 7.21	< 0.84	< 0.41	(2)
	060115	3.5328	F1	F1	no	no	...	< 1.18	< 1.35	(1)
	060526	3.2213	F1	F1	no	no	< 19.5	< 0.79	< 0.73	(1)
	060604	2.1357 F1, xsh AlFOSC	no	no	< 12.1	< 0.90	< 0.31	(1)
	060605	3.7730	F1	PMAS	yes	no	33.7 ± 10.5	1.70 ± 0.27	2.28 ± 0.36	(1)
	060607A 3.0749	F1	UVES	no	no	...	< 0.73	< 0.60	(1)
	060707	3.4240 F1, xsh	F1	yes	no	11.2 ± 2.3	1.65 ± 0.31	1.75 ± 0.33	(1)
	060714	2.7108	F1	F1	no	yes	... (< 26.3)	1.73 (< 8.1)	1.10 (< 0.49) (1), (18)
	060805A 2.3633	xsh	no	no	...	< 14.84	< 0.77	< 0.35	(2)
	060814	1.9223	xsh	F1, F2	no	no	< 7.12	< 2.33	< 0.64	(2)
	060908	1.8836	F1	F1, F2	yes	no	40.4 ± 6.7	7.78 ± 0.95	1.94 ± 0.24	(1)
	061110B 3.4344	F1	F1	no	no	< 10.7	< 0.66	< 0.71	(1)
	070103	2.6208	xsh	F2	no	no	< 19.40	< 1.42	< 0.83	(2)
	070110	2.3523 F1, xsh	F1	yes	yes	31.8 ± 4.3	4.0 ± 0.4	1.73 ± 0.17	(1)
	070129	2.3384	xsh	F1, F2	no	no	< 13.92	< 1.94	< 0.86	(2)
	070224	1.9922	xsh	no	no	...	< 75.8	< 2.12	< 0.64	(2)
	070328	2.0627	xsh	no	no	...	< 9.52	< 0.87	< 0.28	(2)
	070419B 1.9586	xsh	F1	no	no	< 90.06	< 2.15	< 0.62	(2)
	070506	2.3090	F1	F1	yes	no	32.3 ± 11.8	1.39 ± 0.35	0.57 ± 0.14	(1)
	070611	2.0394	F1	F2	no	no	...	< 0.96	< 0.29	(1)
	070721B 3.6298	F1	F2	yes	yes	32.5 ± 8.0	1.12 ± 0.16	1.37 ± 0.19	(1)
	070802	2.4541 F1, xsh	F2	no	no	< 8.1	< 0.89	< 0.43	

Table A . 2 .

 A2 Properties of theLGRBs in the TOUGH sample with Lyα-emission detection (in bold) or upper limit.TableA.3. List of the LGRBs in the XHG sample with Lyα-emission detection (in bold) or upper limit determined in this work. Table A.4. Properties of the LGRBs in the XHG sample with Lyα-emission detection (in bold) or upper limit. Table A.5. List of the LGRBs from the literature (other than TOUGH and XHG samples) and this work with Lyα-emission detection. GRBs 070223 and 080810 are not reported in this table despite the fact that they are reported in Appendix B.1 because no information on Lyα flux is available for these two GRB host galaxies. Table A.6. Properties of the LGRBs from the literature (other than TOUGH and XHG samples) and this work with Lyα-emission detection.Notes. GRB and Redshift are for the name of the LGRB and its redshift. When observations of the host galaxy or the optical afterglow are available, we provide the name of the spectrographs used in the columns Hosts and OA, respectively. "no" indicates that no observation is available. "F1"/"F2" is for VLT/FORS1/2 and "xsh" for VLT/X-shooter spectrograph. Lyα Host and Lyα OA inform about the detection of the Lyα line in the host or afterglow spectra, respectively. No information is provided when no spectra are available to verify the presence of the line. Flux(Lyα) corresponds to the Lyα line flux, in units of 10 -17 erg s -1 cm -2 Å -1 , retrieved from the literature (see references in column Refs) or derived in this work. Samples indicates to which sample the LGRB belongs. Refs is for the references where the Lyα detection is reported.

					J-B. Vielfaure et al.: LAE-LGRBs and models	
	Article number, page 20 of 27 Article number, page 21 of 27 Article number, page 22 of 27 Article number, page 23 of 27	GRB 050315 050401 050714B 050730 050819 050820A 050908 050915A 050922C 051001 060115 060526 060604 060605 060607A 060707 060714 060805A 060814 060908 061110B 070103 070110 070129 070224 070328 070419B 070506 070611 070721B 070802 GRB 050714B 050819 050915A 051001 060204B 060604 060707 060805A 060814 060926 061202 070103 070110 070129 070224 070328 070419B 070521 070802 GRB 971214 000926 011211 021004 030323 030429 061222A 071031 081121 081222 090205 121201A 150915A 151021A 170202A 191004B 071021 080207 080602 080605 080804 081210 081221 090113 090201 090323 100424A 110818A 111123A 070506 2.3090 [log(N HI /cm -2 ] N HI ... 22.60 ± 0.30 ... 22.10 ± 0.10 ... 21.10 ± 0.10 17.60 ± 0.10 ... 21.55 ± 0.10 ... 21.50 ± 0.10 20.00 ± 0.15 ... 18.90 ± 0.40 16.95 ± 0.03 21.00 ± 0.20 21.80 ± 0.10 ... ... ... 22.35 ± 0.10 ... 21.70 ± 0.10 ... ... ... ... 22.00 ± 0.30 21.30 ± 0.20 21.50 ± 0.20 21.50 ± 0.20 GRB 050714B -20.08 ± 0.14 M UV [mag] -19.28 ± 0.31 -19.61 ± 0.19 > -17.21 -21.13 ± 0.09 -18.93 ± 0.06 -18.18 ± 0.27 -20.47 ± 0.15 > -17.95 -20.55 ± 0.12 -18.61 ± 0.27 > -17.36 -19.23 ± 0.17 -17.94 ± 0.20 > -15.52 -20.78 ± 0.06 -18.88 ± 0.28 -19.79 ± 0.13 -21.46 ± 0.10 -18.93 ± 0.17 -19.82 ± 0.29 -21.03 ± 0.14 -19.81 ± 0.11 -20.75 ± 0.11 -18.71 ± 0.29 -20.17 ± 0.12 -19.44 ± 0.19 -18.80 ± 0.21 > -17.52 -18.39 ± 0.44 -19.85 ± 0.20 Redshift 2.4383 050819 2.5042 050915A 2.5275 051001 2.4295 060204B 2.3393 060604 2.1355 060707 3.4240 060805A 2.3633 060814 1.9223 060926 3.2090 061202 2.2543 070103 2.6208 070110 2.3523 070129 2.3384 070224 1.9922 070328 2.0627 070419B 1.9586 070521 2.0865 070802 2.4538 071021 2.4515 080207 2.0856 080602 1.8204 080605 1.6410 080804 2.2059 081210 2.0631 081221 2.2590 090113 1.7494 090201 2.1000 090323 3.5832 100424A 2.4656 110818A 3.3609 111123A 3.1513 120118B 2.9428 120119A 1.7291 120624B 2.1974 120815A 2.3587 130131B 2.5393 N HI M UV [log(N HI /cm -2 ] [mag] ... -19.61 ± 0.19 ... -21.13 ± 0.09 ... -20.47 ± 0.15 ... -20.55 ± 0.12 ... ... ... ... 21.00 ± 0.20 -20.78 ± 0.06 ... -19.79 ± 0.13 ... -21.46 ± 0.10 22.60 ± 0.15 -21.59 ± 0.05 ... ... ... -21.03 ± 0.14 21.70 ± 0.10 -19.81 ± 0.11 ... -20.75 ± 0.11 ... -18.71 ± 0.29 ... -20.17 ± 0.12 ... -19.44 ± 0.19 ... ... 21.50 ± 0.20 -19.85 ± 0.20 GRB Redshift Host [log(M * /M ⊙ )] M * 9.7 9.61 ... < 9.46 ... 8.95 < 9.91 10.66 < 9.01 10.08 9.43 9.30 ... < 9.97 < 9.45 9.99 9.25 ... 10.00 9.15 < 9.47 ... < 9.16 10.15 ... 9.65 9.84 ... ... < 9.42 9.69 Host xsh, F1 xsh xsh xsh, F1 xsh xsh, F1 AlFOSC R [mag] 24.51 ± 0.15 26.19 ± 0.31 25.51 ± 0.20 > 27.2 23.99 ± 0.09 24.8 27.7 24.70 ± 0.16 > 26.29 24.53 ± 0.13 27.1 > 27.0 25.62 ± 0.18 > 26.5 > 28.05 25.01 ± 0.06 26.46 ± 0.28 25.26 ± 0.14 22.96 ± 0.11 25.66 ± 0.18 26.0 24.21 ± 0.14 25.19 ± 0.11 24.23 ± 0.12 26.02 ± 0.31 24.55 ± 0.13 25.20 ± 0.20 26.21 ± 0.22 > 27.27 27.5 25.25 ± 0.21 OA Lyα Host Lyα OA EW(Lyα) Refs SFR log(sSFR/yr -1 ) [M ⊙ yr -1 ] (3),(4) ... ... (5),(3) ... ... (3) 12.9 +14.0 -5.3 ... (5),(1) ... ... (3) 22 +426 -15 ... (5),(1),(17) 0.9 -9.00 (5),(1) ... ... (3),(17) 1.9 -10.39 (5),(1) ... ... (3),(4) 110 +124 -59 -8.04 +0.33 -0.33 (5),(1) ... ... (5),(1) ... ... (3) 7.2 +9.4 -3.6 ... (5),(1) ... ... (5),(3) ... ... (5),(3) 19.9 +48.0 -14.3 -8.69 +0.53 -0.56 (5),(3) ... ... (3) 9.0 +3.9 -2.5 ... (3),(17) 47.5 +72.5 -15.6 -8.32 +0.40 -0.17 (3),(4) ... ... (5),(1) ... ... (3) 43 +162 -17 ... (5),(3) 8.9 +10.9 -2.8 < -7.86 (3),(4) 20 +28 -7 -8.85 +0.38 -0.19 (3) 3.2 +6.5 -2.3 ... (3),(17) 8.4 +130.0 -4.2 -8.76 +1.25 -0.33 (3),(4) 21 +35 -11 -8.52 +0.42 -0.32 (5),(3) ... ... (5),(3) ... ... (5),(1) ... ... (5),(3) 24 +11 -8 -8.31 +0.16 -0.17 F(Lyα) E(B-V) ... ... 0.21 +0.28 -0.21 ... 0.34 +0.84 -0.34 ... ... 0.84 +0.61 -0.60 ... 0.58 +0.28 -0.28 ... ... 0.38 +0.32 -0.27 ... ... ... ... 0.00 +0.16 -0.00 0.17 +0.39 -0.17 ... ... 0.00 +0.50 -0.00 0.00 +0.38 -0.00 0.17 +0.35 -0.17 ... 0.16 +0.39 -0.16 0.56 +0.39 -0.30 ... ... ... 0.31 +0.12 -0.12 [Å] [10 -17 erg s -1 cm -2 ] [10 42 erg s -1 ] 12 + log(O/H) ... ... ... ... ... ... ... ... ... ... ... ... 8.10 +0.28 -0.35 ... ... ... ... ... 8.46 +0.10 -0.16 ... ... ... ... ... ... ... ... ... ... ... ... L(Lyα) no no ... < 17.1 < 0.74 < 0.36 no no ... < 9.3 < 1.74 < 0.91 F1 no no < 9.5 < 0.61 < 0.33 no no ... < 7.2 < 0.84 < 0.41 no no ... < 36.2 < 8.73 < 3.88 no no < 11.7 < 0.87 < 0.31 xsh, F1 F1 no no ... < 0.65 < 0.73 xsh no no ... < 14.8 < 0.78 < 0.35 xsh F1, F2 no no < 7.1 < 2.33 < 0.64 xsh F1 yes yes 37.0 ± 7.0 5.30 ± 0.40 5.05 ± 0.38 xsh no no ... < 16.7 < 1.76 < 0.71 xsh, F2 no no ... < 19.4 < 1.42 < 0.83 xsh F2 yes yes 33.0 ± 8.0 2.80 ± 0.50 1.26 ± 0.23 xsh F1, F2 no no < 13.9 < 1.94 < 0.86 xsh no no ... ... < 2.12 < 0.64 xsh no no ... < 9.5 < 0.87 < 0.28 xsh F1 no no ... < 2.15 < 0.62 xsh no no ... ... < 1.54 < 0.52 xsh, F1 F2 no no < 9.7 < 0.71 < 0.36 xsh no no ... ... < 1.41 < 0.70 xsh no no ... < 16.1 < 1.06 < 0.36 xsh no no ... < 10.3 < 3.98 < 0.96 xsh F2 no no < 18.2 < 15.29 < 2.86 xsh UVES no no < 17.5 < 0.82 < 0.32 xsh no no ... < 22.1 < 1.84 < 0.60 xsh no no ... < 27.3 < 0.56 < 0.23 xsh no no ... ... < 4.13 < 0.90 xsh no no ... ... < 2.78 < 0.95 xsh F2 no no < 19.0 < 4.24 < 5.26 xsh no yes ... ... 3.40 ± 0.50 1.72 ± 0.22 xsh xsh no no ... < 0.47 < 0.50 xsh xsh no no < 6.8 < 1.15 < 1.05 xsh no no ... < 4.6 < 2.37 < 1.84 xsh xsh no no ... < 10.95 < 2.33 xsh no no ... ... < 0.64 < 0.25 xsh xsh no no < 15.2 < 1.89 < 0.86 xsh no no ... < 6.2 < 1.49 < 0.81 M * R Refs SFR log(sSFR/yr -1 ) E(B-V) 12 + log(O/H) [log(M * /M ⊙ )] [mag] [M ⊙ yr -1 ] ... 25.51 ± 0.20 (3) 12.9 +14.0 -5.3 ... 0.21 +0.28 -0.21 ... ... 23.99 ± 0.09 (3) 22 +426 -15 ... 0.34 +0.84 -0.34 ... 10.66 24.70 ± 0.16 (3),(17) 1.9 -10.39 0.84 +0.61 -0.60 ... 10.08 24.53 ± 0.13 (3),(4) 110 +124 -59 -8.04 +0.33 -0.33 0.58 +0.28 -0.28 ... 9.81 ... (17) 78 +85 -34 -7.92 +0.32 -0.25 0.34 +0.29 -0.23 ... ... 25.62 ± 0.18 (3) 7.2 +9.4 -3.6 ... 0.38 +0.32 -0.27 8.10 +0.28 -0.35 9.99 25.01 ± 0.06 (5),(3) 19.9 +48.0 -14.3 -8.69 +0.53 -0.56 ... ... ... 25.26 ± 0.14 (3) 9.0 +3.9 -2.5 ... 0.00 +0.16 -0.00 ... 10.03 ± 0.10 22.96 ± 0.11 (3),(4) 47.5 +72.5 -15.6 -8.35 +0.40 -0.17 0.17 +0.39 -0.17 8.46 +0.10 -0.16 10.71 ... (5) 26 +47 -17 -9.29 +0.44 -0.45 ... ... 9.64 ... (17) 43 +60 -22 -8.01 +0.38 -0.31 0.58 +0.34 -0.27 ... ... 24.21 ± 0.14 (3) 43 +162 -17 ... 0.00 +0.50 -0.00 ... < 9.16 25.19 ± 0.11 (5) 8.9 +10.9 -2.8 > -8.37 0.00 +0.38 -0.00 ... 10.15 24.23 ± 0.12 (3),(4) 20 +28 -7 -8.85 +0.38 -0.19 0.17 +0.35 -0.17 ... ... 26.02 ± 0.31 (3) 3.2 +6.5 -2.3 ... ... ... 9.65 24.55 ± 0.13 (3),(17) 8.4 +130.7 -4.2 -8.73 +1.23 -0.30 0.16 +0.39 -0.16 ... 9.84 25.20 ± 0.20 (3),(4) 21 +35 -11 -8.52 +0.42 -0.32 0.56 +0.39 -0.30 ... 10.5 ... (17) 26 +34 -17 -9.09 +0.37 -0.47 0.71 +0.05 -0.04 ... 9.69 25.25 ± 0.21 (5),(3) 24 +11 -8 -8.31 +0.16 -0.17 0.31 +0.12 ... OA Lyα Host Lyα OA EW(Lyα) F(Lyα) L(Lyα) [Å] [10 -17 erg s -1 cm -2 ] [10 42 erg s -1 ] 971214 3.4200 Keck no yes ... 13.0 0.62 ± 0.07 0.66 ± 0.07 000926 2.0400 AlFOSC NOT yes no 71.0 ± 18.0 14.90 ± 1.10 4.51 ± 0.33 011211 2.1434 xsh F1 yes no 14.0 ± 3.0 1.60 ± 0.20 0.58 ± 0.07 021004 2.3298 xsh UVES yes yes 105.0 ± 10.0 16.90 ± 0.30 7.45 ± 0.18 030323 3.3720 no F2 ... yes 108.0 ± 38.0 1.20 ± 0.10 1.23 ± 0.10 N HI M UV R Refs SFR log(sSFR/yr -1 ) E(B-V) 12 + log(O/H) M * [mag] [log(M * /M ⊙ )] [mag] [M ⊙ yr -1 ] [log(N HI /cm -2 ] ... ... ... ... ... ... 0.44 +0.06 ... -0.03 21.30 ± 0.25 -20.40 +0.07 -0.07 9.64 ... (5) ... ... 0.19 +0.13 ... -0.13 ± 0.21 Z ... -1.05 ± 0.18 ... -1.96 ± 0.11 ... -0.76 ± 0.13 (6),(21) Refs (24) (6) (21) (6) ... ... (6) -1.88 ± 0.14 (21) ... (6) > -1.53 (21) -1.09 ± 0.24 (25) ... (6) ... ... ≥ -1.69 (6),(21) ≥ -0.97 (21) ... (6) ... (7),(6) ... ≥ -1.84 (21) ... (6) ≥ -1.32 (6),(21) ... (6) ... ... (6) ... (6) ≥ -0.65 (21) ... ≥ -2.14 (21) -0.46 ± 0.38 (6),(26) Z Refs ... (6) ... (6) ... (6) ... (6) ... (6) ... (6) ≥ -1.69 (6),(21) ... (6) ... (6),(7) ≥ -1.32 (6),(21) ... (6) ... (6) ≥ -1.32 (6),(21) ... (6) ... (6) ... (6) ... (6) ... (6) Refs (1) (1) (2) (2) Z Refs ... (15) (15),(22) -0.09 20.40 ± 0.20 -19.97 +0.10 -0.10 8.0 24.95 ± 0.11 (5),(10) < 2.0 < -7.70 0.03 +0.03 ... -0.90 ± 0.50 (2),(10),(23) -0.03 19.50 ± 0.50 -20.56 +0.10 -0.10 9.45 24.39 ± 0.04 (5),(11) 6.7 ± 0.8 > -8.62 0.02 +0.03 ... -1.30 ± 0.50 (2),(16),(27) -0.03 21.90 ± 0.07 -18.47 +0.10 -0.10 < 9.85 28.0 ± 0.3 (5),(12) ... ... ... ... -1.26 ± 0.20 (12) 21.60 ± 0.20 ... ... > 26.3 (5),(13) ... ... ... ... ≥ -1.13 (21) (1) 030429 2.6600 no F1 ... yes ... 0.31 0.19 ± 0.00 (1) 061222A 2.0880 LRIS no yes ... 31.0 16.80 5.39 ± 0.00 (1) 071031 2.6918 no F2 ... yes ... 2.36 ± 0.27 1.41 ± 0.16 ... ... 9.55 ... (4) ... ... 0.00 +0.00 -0.00 ... ... (15) 22.15 ± 0.05 ... ... ... (5) ... ... ... ... -1.85 ± 0.12 (21) ... ... 9.24 ... (4) > 7.0 > -8.35 ... ... ... (2) (1) 081121 2.5134 xsh LDSS3 yes no ... 4.90 ± 0.50 2.60 ± 0.26 (2) 081222 2.7700 xsh GMOS-S yes no ... 1.60 ± 0.40 1.07 ± 0.27 (2) 090205 4.6500 no F1 ... yes ... 2.36 ± 0.49 5.16 ± 1.08 (1) 121201A 3.3830 no xsh ... yes ... 2.14 ± 0.36 2.31 ± 0.39 (2) 150915A 1.9680 no xsh ... yes ... 5.00 ± 1.10 1.46 ± 0.32 20.80 ± 0.20 -22.43 +0.0 9.61 ... (5) ... ... ... ... ... +0.0 20.73 ± 0.05 -21.26 +0.13 < 10.7 26.4 ± 0.3 (5),(14) ... ... ... ... ≥ -0.57 (21) +0.13 22.00 ± 0.20 -20.84 +0.21 +0.21 ... ... (5) ... ... ... ... ... 21.20 ± 0.30 ... ... ... (5) 13.0 ± 0.6 ... ... ... ... (2) 22.20 ± 0.20 ... ... ... (5) ... ... ... ... -0.98 ± 0.07 (19) 21.55 ± 0.10 ... ... ... (5) ... ... ... ... -1.28 ± 0.09 (19) (2) 151021A 2.3300 no xsh ... yes ... 10.50 ± 0.90 4.63 ± 0.40 17.20 ± 0.15 -19.10 +0.0 +0.0 ... > 26.6 (5),(9) 2.85 ± 1.85 ... 0.01 +0.01 -0.01 (2) 170202A 3.6450 no xsh ... yes ... 2.70 ± 0.60 3.49 ± 0.78 (2) 191004B 3.5055 xsh xsh yes yes 7.4 ± 2.6 1.00 ± 0.10 1.18 ± 0.18 (9) -0.46 ± 0.63 (6),(20) -0.12 ... ... 10.10 ... (17) 32 +20 -12 -8.59 +0.21 -0.20 0.19 +0.16 ... ... (6) -0.17 ... ... 11.09 25.84 ± 0.18 (17) 77 +86 -38 -9.20 +0.32 -0.29 0.66 +0.28 -0.25 8.74 +0.15 ... (6) -0.15 ... ... 9.40 ± 0.10 ... (7) > 48 > -7.72 0.58 +0.29 -0.26 8.69 +0.12 ... (6),(7) -0.21 ... ... 9.60 ± 0.10 ... (7) 42.5 +30.5 -18.2 -7.97 +0.23 -0.24 0.26 +0.11 -0.10 8.47 +0.04 ... (6),(7) -0.04 21.30 ± 0.15 ... 9.28 ... (5) 15.2 +41.2 -8.7 -8.10 +0.57 -0.37 0.38 +0.51 ... -0.75 ± 0.16 (6),(21) -0.35 ... ... 10.07 ... (17) 15.3 +111.7 -7.0 -8.89 +0.92 -0.27 0.13 +0.61 ... ... (6) -0.13 ... ... 10.08 ... (17 35 +106 -22 -8.54 +0.61 -0.43 0.31 +0.55 ... ... (6) -0.31 ... ... 9.90 ... (17) 17.9 +10.1 -4.8 -8.65 +0.19 -0.14 0.01 +0.22 ... ... (6) -0.01 ... ... 10.90 ... (4) 48 +30 -14 -9.22 +0.21 -0.15 0.11 +0.19 ... ... (6) -0.11 20.75 ± 0.10 -21.60 ± 0.18 10.30 ... (5),(17) 24 +53 -17 -8.92 +0.50 ... ... ... (6) -0.53 ... ... ... > 24 (8) 21 +20 -8 ... 0.13 +0.18 -0.13 7.93 +0.25 ... (6) -0.18 21.90 ± 0.40 -21.68 ± 0.05 10.50 ... (5),(17) 44 +62 -26 -8.86 +0.38 -0.39 ... 8.25 +0.17 -0.25 ... (6) ... -22.05 ± 0.03 11.17 ... (3),(17) 77 +163 -52 -9.28 +0.49 -0.49 ... 8.01 +0.28 ... F1 F1 yes no 1.4 ± 0.4 TOUGH (8), (10) (6) -0.28 120118B ... ... ... ... 28 +21 -11 ... 0.00 +0.16 -0.00 7.89 +0.23 -0.17 ... (6) 120119A 22.60 ± 0.20 ... 9.93 ... (5),(17) 43 +24 -14 -8.30 +0.19 -0.17 0.35 +0.16 -0.14 8.60 +0.14 -0.96 ± 0.28 (6),(20) 070721B 3.6298 F1 F2 yes yes 1.1 ± 0.2 TOUGH (8), (10) -0.14 120624B ... ... 10.84 ... (17) 30 +73 -13 -9.36 +0.53 -0.24 0.21 +0.50 -0.21 8.43 +0.20 -0.27 ... (6) 120815A 22.05 ± 0.10 ... ... ... (5) 2.3 +2.7 -1.0 ... 0.06 +0.34 -0.06 ... -1.15 ± 0.12 (6),(20) 130131B ... ... ... ... 8.0 +13.4 -5.0 ... ... ... ... (6) 071031 2.6918 no F2 -yes 2.4 ± 0.3 -(8), (10) 080810 3.3604 LRIS AlFOSC yes yes --(10), (23) 081121 2.5134 xsh LDSS3 yes no 4.9 ± 0.5 -(20), (21) 081222 2.7700 xsh GMOS-S yes no 1.6 ± 0.4 -(17), (20) 090205 4.6500 no F1 -yes 2.4 ± 0.5 -(8), (13) 100316A 3.1600 no OSIRIS no yes --(17)
		100424A	2.4656	xsh	no	yes	-	3.4 ± 0.5	XHG	(15), (18)
		121201A	3.3830	no	xsh	-	yes	2.1 ± 0.4	XAFT	(16), (19)
		150915A	1.9680	no	xsh	-	yes	5.0 ± 1.1	XAFT	(16)
		151021A	2.3300	no	xsh	-	yes	10.5 ± 0.9	XAFT	(16)
		170202A	3.6450	no	xsh	-	yes	2.7 ± 0.6	XAFT	(16)
		191004B	3.5055	xsh	xsh	yes	yes	1.0 ± 0.1	-	(20), (22)
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The collaboration is named Stargate since 2017 and was formerly called the X-Shooter GRB collaboration.

RRM is an observational mode specifically set up by ESO to automatically trigger observations of transient phenomena requiring rapid follow-up, immediately interrupting any ongoing observation.

[START_REF] Vergani | The chemical enrichment of long gamma-ray bursts nurseries up to z = 2[END_REF] The Gamma-ray Coordinates Network is a system that timely report the GRB detections and the results of follow-up observations https://gcn.gsfc.nasa.gov/

Green Pea galaxies are compact galaxies unresolved in the Sloan Digital Sky Survey (SDSS) images. Their green color is due to their prominent [OIII] doublet seen as a flux excess in the SDSS r -band, which appears in green in the SDSS's false-color images(Lupton et al. 

2004). They were discovered in the citizen science project Galaxy Zoo, in which public volunteers morphologically classified millions of galaxies from the SDSS.

X-shooter is an echelle spectrograph (https://www.eso.org/sci/facilities/paranal/instruments/ xshooter.html) composed of three arms covering simultaneously the wavelength range 300 -2400 nm. This large coverage allows the detection of the Lyα emission line up to z ∼

in the NIR arm.[START_REF] Verhamme | Recovering the systemic redshift of galaxies from their Lyman alpha line profile[END_REF] The Lyα photons are absorbed and almost instantaneously re-emitted by an hydrogen atom with which they have a high interaction probability. See more details in Section 4.3.1. 

https://www.eso.org/sci/facilities/develop/instruments/muse.html

VIMOS Ultra-Deep Survey (Le Fèvre et al. 2015) 

VANDELS is an ESO Public Spectroscopic Survey using the VIMOS spectrograph on theVLT (McLure et al. 2018; Pentericci et al. 2018a) 

The Doppler shift is the change in frequency (∆ν) of a photon seen by an observer who is moving relatively to the source.

The Petrosian radius(Petrosian 1976) with an index of η = 0.2 (as in Figure4.3) corresponds to the radius, R, at which the local surface brightness is 20% the average surface brightness inside of R.

F W HM = σ × 2 2ln(2)

The first study of LAE-LGRBs was limited to a few cases: GRB 971214 at z = 3.42(Kulkarni et al. 1998), GRB 000926 at z = 2.04(Fynbo et al. 2002), GRB 011211 at z = 2.14(Fynbo et al. 2003), GRB 021004 at z = 2.33(Møller et al. 2002) and GRB 030323 at z = 3.37(Vreeswijk et al. 2004). At that time, they represent all LGRBs at z > 1.6 for which spectroscopic or photometric data cover the 1215 Å wavelength range. The systematic detection of Lyα emission led to the conclusion that LGRB host galaxies must be Lyα emitters, at least at high redshifts (e.g.,Fynbo et al. 2003). This ubiquity was surprising by comparison

FORS1 is a low-resolution spectrograph (maximal resolution R =

2600) with a maximal wavelength coverage of 300 -1100 nm depending on the configuration.

In the literature Lyα-emitting galaxies are usually defined as Lyα emitters (LAEs) when their Lyα emission equivalent width (EW) is above a certain threshold (typically

Å) because historically they were selected from narrow band observations. In this study, we qualify Lyαemitting galaxies as LAEs independently of their EW(Lyα). 2 http://archive.eso.org/cms.html
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Interestingly, previous studies of anisotropic Lyα escape show that such low opening angles can in principle be sufficient to set the properties of the isotropically emergent spectrum(Dijkstra et al. 2016;Eide et al. 2018; Kakiichi et al. 2018).

An AMR code provides a better resolution (by refining the grid of the simulation) in more dense regions, or where the gas undergoes collisions. Many AMR codes are dedicated to galaxy formation, among which Art(Kravtsov et al. 1997), Flash(Fryxell et al. 

2000), RAMSES(Teyssier 2002), Enzo(Bryan et al. 2014).

The SFR is computed directly from the simulation, by averaging over the last 10 Myrs.

RASCAS allows us to compute emission from stars, gas and other customised source models. These sources can relate to realistic configurations extracted from simulation or idealised cases.

The Mollweide projection is an equal-area, pseudo-cylindrical map projection that has the advantage to introduce few distortions and therefore to provide more proportional areas. The center of the original sphere is at the center of the map, and each points of the map originally point to the center; exactly as in the global map of the world.

http://www.svom.fr/en/#filter=.accueil

https://www.isdc.unige.ch/theseus/
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Part II

LGRBs as probes of Lyman continuum leakers

Part III

LGRBs as probes of Lyman-alpha emitters Appendix A: Tables of the properties of the objects in the samples

The following tables present the LGRB host galaxies from the TOUGH and XHG samples, the literature and this work for which the Lyα emission line has been detected or an upper limit has been estimated. GRB and Redshift are for the name of the LGRB and its redshift. When observations of the host galaxy or the optical afterglow are available, we provide the name of the spectrographs used in the columns Hosts and OA, respectively. "no" indicates that no observation is available. "F1"/"F2" is for VLT/FORS1/2 and "xsh" for VLT/X-shooter spectrograph. Lyα Host and Lyα OA inform about the detection of the Lyα line in the host or afterglow spectra, respectively. No information is provided when no spectra are available to verify the presence of the line. In this chapter, I present my work on the investigation through simulations of the possible association of high-HI column densities along LGRB sightlines and observation of substantial Lyα emission. I also provide an analysis on the location of the dominant absorbing HI gas and the escape of the Lyα photons relatively to the LGRB position.

LGRB positions and sightlines

The general idea is to select several potential LGRB sites within the simulated galaxy and draw multiple sightlines from these regions. The integration of the HI gas along the sightlines will allow the statistical study of the neutral gas distribution around each of these regions but also from one region to another. We then use these same lines of sight to build "down-thebarrel" Lyα mock observations. It is worth noting that RAMSES simulation does not include GRB explosion and I do not artificially produce such events. I select their potential positions and generate sightlines according to observational constraints on the LGRB properties as described below.

Selection of the LGRB sites

The LGRBs are connected to the death of massive stars (Woosley & Heger 2006a) from their association with core-collapse supernovae (e.g., Hjorth et al. 2003a;Cano et al. 2017). They occur typically in the luminous, central part of their host (e.g., Lyman et al. 2017) and preferentially in sub-solar environment (e.g., Vergani et al. 2015;Perley et al. 2016b;Japelj et al. 2016a;Palmerio et al. 2019).

Therefore, to choose the sites where a LGRB could arise, I selected regions fulfilling the following criteria:

1. Stellar age in the range 5-10 Myr, in agreement with the lifetimes of type Ic supernovae; 2. Sub-solar metallicity. This criterion is not really constraining since the galaxy has a sub-solar metallicity of Z = 0.3 Z ⊙ ;

3. Among these regions, I selected the five densest stellar regions as this would statistically increases the probability for a LGRB to occur.

Five main regions in the simulation satisfy these criteria. They are called P1 to P5 ordered by the stellar density, and have a spherical radius of 50 pc. The LGRB is placed at the center of these regions by 3D visualisation of the stellar distribution. The average distance of these five sites from the center of the galaxy is 0.95 ± 0.46 kpc (see Figure 6.2). This value agrees with the observational result of 1.0 ± 0.2 kpc found by Lyman et al. (2017), and with the typical ∼ 1 kpc obtained by the simulations of Pontzen et al. (2010).

Sightlines generation

From each region I have randomly drawn 1000 directions using the Python package Healpy. Each direction represents a LGRB afterglow sightline along which the HI column density is integrated, similarly to what is done in LGRB observations. I then use these sightlines to create N HI distributions that I compare to LGRB observations and corresponding Lyα mock observations.

Theoretical and observational studies have shown that GRBs destroy dust (Waxman & Draine 2000;Draine & Hao 2002;Morgan et al. 2014) and photo-ionises the gas within the first parsecs (∼ 1 -20 pc) from the burst position (Perna & Lazzati 2002; Vreeswijk et al. 
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Target Notes

We ask for the spectroscopy of the GRB host galaxies. We provide host galaxy magnitudes. When set to 0 it means that there is no information on the host galaxy magnitudes. We do not aim to detect the continuum, therefore this information is not fundamental. Our goal is to detect the Lyα, the Balmer and/or [OII] or [OIII] emission lines. High-redshift LGRB host galaxies are faint, star-forming galaxies with sizes ~1". The chosen slit width will include most of their light, and takes into account also the possibility of Lyα emission more extended than the continuum emission. In the column "comment" we report the redshift (z) and the neutral hydrogen column density log(NHI/cm-2) (NHI), determined from the fitting of the lowionization absorption lines and (sub-)damped Lyα absorption present in the afterglow spectra.

REMARKS & JUSTIFICATIONS Lunar Phase and Constraints Justification

The Lyα line falls in the blue part of the spectra. Therefore we ask for dark time.

Time Justification

To determine the exposure times we use the X-shooter ETC, with dark time (needed for the detection of Lyα), seeing 0.8" and airmass 1.4. The resulting exposure times correspond to the 3σ detection of the relevant emission line fluxes of the order of ~2×10-18 erg s-1 cm-2. It is not possible to foresee the fluxes of the emission lines we want to detect. The value above corresponds roughly to the lower limits of Balmer lines (H-alpha or Hbeta, depending of the cases) fluxes determined from the Lyα fluxes assuming an escape fraction of 50%. More than 2/3 of the observed host galaxies at 2 < z < 4 have [OII] flux larger than the value above, and 90% of the observed systems if we consider the H-beta flux (see e.g.: Kruhler et al. 2015, A&A, 581, 125). For GRB 151021A host galaxy, that has a Lyα emission almost ten times stronger than the rest of the sample, we set the exposure time so as to have a 3σ detection of emission line fluxes of the order of 10-17 erg s-1 cm-2.

Telescope Justification

Only VLT X-shooter can cover the wavelength range needed.

Observing Mode Justification

Visitor mode is not needed. Furthermore the targets are visible in different periods of the semester. Therefore we ask for service mode observations.

Calibration Request

Standard Calibration

Duplication with ESO Science Archive

The data requested in this proposal are not in the ESO Archive. The textit{Swift} GRB afterglow legacy survey: Probing the hearts of star-forming galaxies through cosmic time.

GTO & Survey Target Duplication Justification

098.A-0055(B) J.P.U. Fynbo XSHOOTER 2.0h Service Many papers (Selsing et al. 2019 and references therein)

The textit{Swift} GRB afterglow legacy survey: Probing the hearts of star-forming galaxies through cosmic time.
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