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Résumé

Les sursauts gamma sont des événements cosmiques les plus énergétiques de I’Univers depuis sa forma-
tion. Leur durée varie de quelques millisecondes a plusieurs minutes et I’énergie libérée dans ce laps de
temps est équivalente a celle du soleil durant sa vie entiere. De par la luminosité extréme de leur émission
multi-longueur d’ondes, ils constituent une opportunité unique de sonder I’Univers lointain.

Cette these s’inscrit dans le cadre de la préparation de la mission spatiale franco-chinoise SVOM (Space
Variable Object Monitor) opérationnelle & ’horizon 2021 et qui aura pour but de détecter et caractériser
les sursauts gamma. Cette mission est le successeur de la mission spatiale SWIFT, elle repose sur un
ambitieux systeme de suivi multi longueur d’ondes, combinant des télescopes gamma, X et visible a bord
d’un satellite et un complexe réseau de télescopes de suivi au sol dans le visible et proche infrarouge
suivant automatiquement et tres rapidement les alertes provenant du satellite. Le but est de déterminer
la position et la distance du sursaut gamma dans les minutes suivant la détection du sursaut. Une fois
détectés, les cas les plus intéressants scientifiquement (e.g, sursaut & trés grande distance, sursaut dans
un environnement trés poussiéreux) seront alors observés par de plus grands télescopes comme le VLT,
ALMA, E-ELT ou le JWST pour des observations plus précises et en fonction des moyens d’observation
disponible au moment du sursaut.

Cette thése comporte deux parties distinctes, la premiere est consacrée au développement d’un logiciel
de simulation complet de COLIBRI (Catching Optical. and Infrared BRIght), un des deux télescopes
robotiques de suivi au sol sous responsabilité francaise, afin d’estimer ses performances scientifiques et de
s’assurer que le design optique en cours de développement réponde bien au cahier des charges scientifique.
La deuxieme partie porte principalement sur I’étude de la propriété des poussieres au sein des galaxies
dans lesquelles se produisent ces sursauts gamma, ainsi qu’a ’étude de leur activité de formation stellaire.
Le chapitre I présente une introduction générale aux concepts de base de la physique des GRBs, de leur
utilisation comme sonde de I'univers lointain et des concepts de base sur la poussiere dans les galaxies.

Le chapitre II débute par la présentation des caractéristiques instrumentales de COLIBRI, puis décrit
les codes développés pour estimer les performances scientifiques de COLIBRI avant de présenter les per-
formances estimées.

COLIBRI est un télescope robotique de diametre 1.3m qui sera basé a I’Observatorio Astronémico Na-
cional au Mexique et opérationnel des 2020. Ce télescope a pour mission d’observer toutes les alertes
provenant du satellite SVOM. Chaque observation doit débuter au plus tard 30 secondes apres la récep-
tion de l'alerte. L’objectif principal de COLIBRI est de fournir apres 5 minutes d’observation la position
de la nouvelle source transitoire avec une précision inférieure & 0.5" et de donner une indication sur la
distance qui nous sépare d’elle. Il est prévu que ce télescope soit équipé de 3 voies, 2 dans le domaine
visible et 1 dans le domaine infrarouge couvrant au total le domaine de longueur ~400-1700nm.

La contribution de ma these a COLIBRI a été de développer des logiciels permettant d’évaluer ses per-
formances scientifiques afin d’aider a I’élaboration de son design optique et de s’assurer qu’il satisfasse le
cahier des charges scientifique. Tous les codes ont été développés en Python et sont open-source. J’ai donc
développé un Exposure Time Calculator (ETC) qui permet de calculer soit le temps d’exposition, la ma-
gnitude de la source soit le signal sur bruit désiré en fonction des deux autres quantités. Cet ETC prend en
compte le design optique du télescope au travers de la transmission des éléments optique le constituant
(mirroirs, lentilles, coating utilisé, filtre, etc), les caractéristiques du détecteur (rendement quantique,

bruit thermique, bruit de lecture, gain) mais également certaines caractéristiques du site d’observation
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(transmission de ’atmosphere, luminosité du ciel, seeing). COLIBRI pourra atteindre une magnitude AB
d’environ 21.2 et 19.5 dans les bandes r et J pour un temps de pose de 30s et environ 24 et 22 pour un
temps de pose d’1 heure (20x30s). L’utilisation de 'ETC sur un échantillon de sursauts gamma détectés
par le passé par d’autres télescopes a permis de montrer que la sensibilité de COLIBRI aurait permis de
détecter plus de 95% des sursauts gamma de cet échantillon si 'observation avait commencé 1 minute
apres le trigger des sursauts. Méme en commencant a observer 12 heures apres le trigger et en dépit de la
baisse de luminosité, COLIBRI aurait pu détecter 80% des sursauts dans le proche infrarouge. Dans un
avenir proche, cet ETC sera mis a disposition, sur un site internet, des astronomes souhaitant observer
avec COLIBRI afin de préparer leurs observations. Afin de modéliser la réponse de COLIBRI pour un
sursaut gamma a différents temps d’observation et dans différentes bandes, un code qui simule des courbes
de lumiere de rémanence de sursauts gamma en suivant le modele synchrotron est utilisé.

Dans cette theése, un simulateur d’image a également été développé afin de fournir des images réalistes
aux pipelines de réduction des données de COLIBRI lorsqu’ils seront opérationnels. Des champs de vue
réalistes peuvent étre simulées en effectuant des requétes dans les catalogues Pan-STARRS, 2MASS,
NOMAD-1. A T'aide du code simulant les courbes de lumiére de sursauts gamma, il est possible de placer
un sursaut gamma n’importe ot dans un champ de vue réaliste et de simuler les images brutes de COLI-
BRI pour ce sursaut a différent temps d’observation. Le simulateur d’image tout comme I'ETC ne sont
pas spécifiques & COLIBRI et ont été développé dans l'optique d’étre utilisés pour d’autres télescopes

visible et proche infrarouge.

Le chapitre IIT concerne un des objectifs de COLIBRI qui est de fournir une indication sur la distance
du sursaut apres 5 minutes d’observations. Dans ce but j’ai développé un code permettant de calculer le
redshift photométrique a I’aide d’'un algorithme MCMC. Ce code est basé sur la détection de 2 signatures
spectrales trés caractéristiques que sont la transition Lyman-« et le Lyman break & 121.5 x (1+4z)nm et
91.2 x (14z)nm. Ce code a été validé sur un échantillon de 19 sursauts ayant un redshift mesuré spectro-
scopiquement. Ensuite j’ai quantifié la précision de 'estimation du redshift photométrique par COLIBRI
sur 2 échantillons différents de 500 GRBs, I'un empirique basé sur des observations quelques minutes
apres le trigger et I'autre basé sur le modele théorique synchrotron qui permet de simuler les sursauts a
différents temps d’observation. Pour chaque échantillon, une stratégie d’observation de 5 minutes a été
adoptée pour se rapprocher des conditions d’observations de COLIBRI, avec des temps de pose de 30s
en faisant défiler les filtres apres chaque exposition. Pour les 2 échantillons la précision relative est de
Pordre de 10% pour 3.5 < z < 8 et environ 10% pour z > 8. L’échantillon basé sur le modéle synchrotron
montre que la précision reste du méme ordre de grandeur a to+1min, tg+12h et tg+24h, avec tg le début
du sursaut, méme si naturellement le nombre de sursauts détectés diminue. L’analyse refaite sans détec-
teur proche infrarouge pour ’échantillon empirique montre que la précision relative sur ’estimation du
redshift photométrique est du méme ordre de grandeur que précédemment mais les sursauts ne peuvent
étre détecté que juqu’a z~ 7 et les sursauts a faible SNR détectés auparavant a 'aide de CAGIRE ne le
sont plus.

La conclusion de ce travail est que la réponse rapide de COLIBRI, moins de 30s apres réception de l'alerte,
combinée & sa bonne sensibilité et a 1'utilisation d’un détecteur proche infrarouge en font un télescope
idéal pour la recherche et la détection de sursauts gamma a haut redshift et également ceux dont la grande
quantité de poussiére a l'intérieur de la galaxie hote atténue fortement la luminosité. Du fait de cette
faible luminosité, ces derniers ne représentent qu'une minorité des sursauts gamma déja observés car il est
nécessaire de les observer dans les dizaines minutes suivant le trigger avant que leur luminoisté ne chute

en dessous du seuil de détection de I'instrument. COLIBRI est optimisé pour en détecter davantage. Ces
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sursauts sont particulierement intéressants car ils représentent un moyen unique d’étudier les propriétés
de la poussiere dans les galaxies tres distantes. L’étude des propriétés de la poussiere dans les galaxies
hotes de sursauts gamma ainsi que leur activité de formation stellaire constitue la deuxieme partie de ma
these.

Une partie des GRBs que détectera SVOM seront situés dans des galaxies contenant beaucoup de pous-
sieres. Dans cette deuxieme partie de ma these je me suis intéressé a la caractérisation de ces galaxies et
des poussieres qu’elles abritent. Ce sujet est important pour I'utilisation des galaxies hétes comme traceur
de la population de galaxies lointaines, sélectionnées de fagon tres differentes de celles détectées dans les
grands relevés aveugles. Je me suis particulierement intéressé a ’étude des propriétés de la poussiere dans
les galaxies hotes de sursauts gamma ainsi qu’a leur activité de formation stellaire. Le chapitre IV débute
par la définition de deux concepts, ’extinction et I’atténuation associées a 'effet de la poussiere sur le
flux émis par une source ponctuelle ou un objet étendu respectivement.

Les photons émis par les étoiles au sein des galaxies interagissent avec les grains poussiére en étant soient
absorbés ou diffusés, ces photons sont donc sont perdus pour l’observateur. Les photons ultraviolet (UV)
interagissent plus avec les grains de poussieres que les photons visibles et proche infrarouge. La poussiere
a donc pour effet de "rougir" le spectre observé. Pour un objet ponctuel, comme une étoile, les pho-
tons émis dans notre direction qui interagissent avec la poussiére sont absordés ou diffusés hors de notre
ligne de visée et sont donc perdus. l'effet de la poussiére sur le flux avec la longueur d’onde est appelée
"courbe d’extinction" et ne dépend que des propriétés de la poussiére. Les caractéristiques principales de
ces courbes d’extinction sont la présence ou non d’une bosse a 2175A(bump UV), généralement relié a
I’absorption de photons par des graphites, et la forme de la pente UV plus ou moins pentue et reliée a la
taille et au type de grain. Un sursaut gamma est considéré comme ponctuel et une courbe d’extinction
peut-étre mesurée sur sa ligne de visée [ZAFAR et al., 2011; ZAFAR et al., 2012; ZAFAR et al., 2018b;
SCHADY et al., 2012; JAPELJ et al., 2016].

Par contre pour un objet étendu, ici la galaxie hote du sursaut, la lumiére nous provient de plusieurs
étoiles qui sont localisées a différents endroits. En plus des photons qui seront absorbés et diffusés hors de
notre ligne de visée, certains photons émis par une étoile initialement dans une autre direction peuvent
étre diffusés dans notre ligne de visée. Pour un objet étendu, I'effet de la poussiére sur le flux avec la lon-
gueur d’onde est appelée "courbe d’atténuation’ et dépend donc également de la géométrie de la galaxie
(distribution des étoiles et de la poussiere) en plus des propriétés intrinséques de la poussiére.

La courbe d’atténuation au sein des galaxies hotes de sursauts gamma peut étre mesurée a ’aide d’obser-
vations spectroscopique ou photométrique couvrant le domaine UV et visible. En observant des galaxies
locales brillantes en UV CALZETTI et al.,; 1994 ; CALZETTI et al., 2000 ont mis en évidence une courbe
d’atténuation sans bosse UV et une pente modérée en UV. Depuis lors, de nombreux travaux ont étudié
les courbes d’atténuation de galaxies a bas et haut redshift trouvant des cas avec et sans bump UV ainsi
que des pentes UV variées. Ces travaux mettent en évidence une non-universalité de la forme de la courbe
d’atténuation [BUAT et al., 2011; BUAT et al., 2012; BUAT et al., 2018; WILD et al., 2011 ; KRIEK et
CONROY, 2013; REDDY et al., 2015; REDDY et al., 2016 ; SALMON et al., 2016 ; BATTISTI et al., 2016;
BATTISTI et al., 2017].

Les courbes d’atténuation sont également étudiées a 1’aide de codes de transfert radiatif qui permettent
d’étudier comment leurs formes varient avec différents types de poussiere et différentes répartition des

étoiles et de la poussiére au sein de la galaxie.

L’obtention de la courbe d’extinction et de la courbe d’atténuation pour la méme galaxie nous permet

d’obtenir une information sur les propriétés de la poussiere a l’aide de la premiere et d’extraire des infor-
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mations sur la géométrie de la distribution étoiles-poussiere a ’aide de la seconde. Les sursauts gamma
offrent une opportunité unique de mesurer les deux pour des galaxies distantes. Le but de notre étude est
donc de créer un échantillon de sursauts gamma pour lesquels les courbes d’extinction et d’atténuation
sont bien contraintes.

Dans un premier temps, nous avons sélectionné les sursauts gamma dont la courbe d’extinction a été
mesurée dans le domaine UV et visible. Notre échantillon contient 30 courbes d’extinction pour lesquelles
on a comparé certaines propriétés de la poussiére obtenues le long de ligne de visée du sursaut gamma a
des propriétes de la galaxie hote. Les courbes d’extinction ayant une bosse UV sont en général trouvées
sur les lignes de visée avec une forte quantité de poussiere et dans les galaxies les plus massives. Nous
mettons également en évidence que la détection de ces courbes d’extinction s’est faite uniquement lorsque
le sursaut gamma a pu étre observé dans les 3 heures suivant sa détection. Au-dela seules des courbes
d’extinction sans bosse UV avec une pente UV importantes, semblables a celles mesurées sur des lignes
de visées du Petit Nuage de Magellan ont été détectées.

Pour étudier la courbe d’atténuation des galaxies hétes des sursauts gamma, il est nécessaire de bien
couvrir 'ensemble de leur spectre d’émission. Ainsi nous avons sélectionné uniquement les 7 galaxies sur
les 30 qui ont été détectées dans au moins 5 filtres allant du domaine UV au proche infrarouge dans
le référentiel de la galaxie. Pour mesurer la courbe d’atténuation nous avons ajusté des modeles a ces
mesures avec le code CIGALE. Nous avons choisi de modéliser I'atténuation di a la poussiére a l'aide
de la loi d’atténuation de NOLL et al., 2009 dont nous avons montré qu’elle est suffisament flexible pour
reproduire une grande variété de courbe d’atténuation provenant d'un code de transfert radiatif [SEON
et DRAINE, 2016] pour différents types de poussieres et différentes distribution étoile/poussiére.

Pour 6 de nos 7 galaxies la courbe d’atténuation est suffisament bien contrainte et une grande variété de
cas est observé avec des pentes UV tres variables ainsi qu’une détection possible d’un bump UV pour 'une
des galaxies. Certaines courbes d’atténuation sont trouvées plus pentues que les courbes d’extinction. En
utilisant la courbe d’extinction pour déterminer le type de poussiere nous avons comparé nos courbes
d’atténuation avec celles simulées par un code de transfert radiatif afin d’obtenir des informations sur la
distribution étoile/poussiére au sein de ces galaxies. On observe une diversité de cas et aucune géométrie
n’est capable de reproduire toutes nos observations.

En comparant la pente de la courbe d’atténuation avec les propriétés physiques de la galaxie, nous avons
trouvé que la pente de la courbe d’atténuation varie a l'inverse de la masse de la galaxie, de son taux de
formation stellaire et de son contenu en poussiére (ou plus exactement de la quantité absolue d’atténua-

tion).

Afin d’étendre ’étude de ces corrélations, nous avons construit un échantillon de 23 galaxies hotes et
son étude est I'objet du chapitre V. Les résultats confirment les corrélations précédemment trouvées et
semblent indiquer qu’elles sont principalement liées a la quantité de poussiére a I'intérieur de ces galaxies.
Ces résultats sont en accord ceux obtenus a partir de l'observation de galaxies locales et lointaines
[KRIEK et CONROY, 2013; SALMON et al., 2016; SALIM et al., 2018] ainsi que ceux obtenus a l’aide
de codes de transfert radiatif [WITT et GORDON, 2000; CHEVALLARD et al., 2013; SEON et DRAINE,
2016]. En comparant nos résultats a ceux des codes de transfert radiatif, nous avons pu obtenir des
informations sur la distribution étoile/poussiére au sein de ces galaxies. Les courbes d’atténuation pentues
sont généralement associées a une distribution locale de la poussiére homogene et a une distribution
stellaire entourée d’une couche de poussiere. Les courbes d’atténuation plus plates sont mieux reproduites

avec une distribution locale de poussiere hétérogene, i.e. répartie dans des nuages moléculaires.
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Un des résultats secondaires de notre analyse a été de trouver une estimation des masses stellaires a ’aide
du SED fitting plus faible que celles mesurées pour le Swift Gamma-Ray Burst Host Galaxy Legacy Survey
(SHOALS) [D. A. PERLEY et al., 2016b] qui sont basées sur la luminosité de la bande IRAC1 (3.6um) du
satellite Spitzer. Sur les 23 galaxies de notre échantillon 6 d’entre elles peuvent étre considérées comme
des galaxies a sursaut de formation d’étoiles.

Cet étude a permis de démontrer I'intérét des sursauts gamma pour ’étude des propriétés de la poussiere
dans les galaxies distantes ainsi que de fournir des informations sur la distribution étoile/poussiére au sein
de ces galaxies. Nous avons trouvé que la courbe d’atténuation obtenue pour les galaxies hétes de sursaut
gamma n’est pas universelle et est principalement affectée par la quantité de poussiere a l'intérieur de la
galaxie. Notre étude a également permis de réestimer a la baisse les masses stellaires de ces galaxies par
rapport au survey SHOALS. Sur les 23 galaxies de notre échantillon, 17 d’entre elles suivent la séquence
principale des galaxies formant des étoiles alors que les 6 autres correspondent a des galaxies a sursaut

de formation d’étoiles.

Mots clés : sursauts gamma, galaxies, poussiere, simulateur d’image, estimation distance sursauts

gamma
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Abstract

Gamma-ray bursts (GRBs) are the most energetic cosmic explosions. Due to their extreme luminosity
they can be observed very far away in the Universe and thus offer a unique opportunity to probe the
dawn of the Universe. Their study impacts many fields in astrophysics, from ultra-relativistic physics
to stellar and galaxy evolution among others. This thesis takes place within the french-chinese SVOM
(Space Variable Object Monitor) mission dedicated to the detection and study of GRBs to be launched
in 2021. SVOM is a ground and space based multi-wavelength observatory with «- and X rays detectors
as well as a visible telescope on-board the satellite. When the satellite will detect a new transient source
in y-rays domain, an alert is sent to two 1m class telescopes on the ground operating in the optical and
near infrared (NIR) domain to refine the accuracy on the position of the source and to get an estimate
of its distance within the first minutes after the alert. The first part of this thesis is dedicated to the
modelling of COLIBRI (Catching Optical. and Infrared BRIght), a 1.3m optical /NIR robotic follow-up

telescope of SVOM, to estimate its scientific performances.

The chapter I introduces basic concepts of GRBs physics, their use as probe of the high-redshift Uni-
verse and probe of the ISM of distant star-forming galaxies, and basic concepts on dust extinction.
In chapter II, instrumental details of COLIBRI are first presented, then the Exposure Time Calculator
(ETC) and image simulator developed for COLIBRI are described along with the estimated scientific
performances of COLIBRI. The chapter III presents an end-to-end simulations aiming at estimating the
photometric redshift accuracy of COLIBRI. For this purpose we have developed a photometric redshift
algorithm based on the detection of two spectral signatures : Lyman-a and Lyman break respectively lo-
cated at 121.6x (1+4z) nm and 91.2x (14z)nm. After the validation of the algorithm with observed GRBs,
we used two mock samples of GRB light curves to estimate an averaged relative accuracy of ~ 10% for
3.5 < z < 8 and 14% for z > 8. For z < 3, Lyman-a does not enter the wavelength coverage of COLIBRI

and only an upper limit is returned.

The second part of this thesis aims at studying the dust properties of GRB host galaxies (GRBHs)
as GRBs offer a unique opportunity to study dust properties of distant galaxies. In chapter IV, we first
start by introducing the concept of dust attenuation and how it differs from dust extinction. Then,
we checked that the attenuation laws of NOLL et al., 2009; SALIM et al., 2018 is flexible enough to
reproduce the variety of shapes of attenuation curves produced by a radiative transfer model [SEON et
DRAINE, 2016] for different types of dust and different geometrical distribution of dust and stars. This
study also gives a physical representation of the parameters used in the NOLL et al., 2009 ; SALIM et al.,
2018 attenuation recipe in terms of geometrical distribution of dust and stars in the ISM. Finally, we
compared the extinction curves measured along 7 GRB line of sights with the attenuation curves derived
for the whole galaxy using a SED fitting code, CIGALE, where the dust attenuation is modelled by the
attenuation law of NOLL et al., 2009. There is a great variety of shapes with attenuation curves found to
have similar, steeper and flatter slope than the extinction curves. By comparing our attenuation curves
with the results of the radiative transfer model of SEON et DRAINE, 2016 different dust/stars geometries
are associated to each GBRH. We also found that steep (flat) attenuation curves correlate with low (high)
amount of dust attenuation, less (more) massive and star forming galaxies.

In chapter V, we have built a larger sample of 23 dusty GRBHs to study whether these correlations were

— Page9 -



due to the small size of the previous sample. We performed a SED fitting for each of these objects and
the results confirmed the correlations found with the smaller sample. The derived attenuation curves
show a great diversity of shapes illustrating the non-universality of the attenuation curve. We find that
the UV slope of the attenuation curve correlates with physical properties of the galaxy with flatter UV
slopes associated to higher A3°"¢, stellar mass and SFR. There is an indication that the main driver
of these correlations is the amount of dust attenuation. Furthermore, we compared our results to the
radiative transfer model of SEON et DRAINE, 2016 and found that at least for two dust models, GRBHs
with steep attenuation curves are best reproduced for an homogeneous local dust distribution with stellar
sources surrounded by a dust layer. However, GRBHs with flat attenuation curves are best reproduced
with a clumpy dust distribution and stellar sources not surrounded by a dust layer. As a by-product of
the SED fitting, we found in general lower stellar mass estimates than in the Swift Gamma-Ray Burst
Host Galaxy Legacy Survey (SHOALS). From the 23 GRBHs, 17 are following the main sequence of star

forming galaxies and 6 are considered starburst galaxies.

Keywords : gamma-ray bursts, galaxies, dust, photometric redshift, optical /NIR telescope modelling
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Parameters distributions used to build the mock sample of 500 GRBS. zs;m is the redshift, Ay os¢ the amount
of attenuation in the host galaxy in the V band, E is the isotropic kinetic energy of the ejecta (in ergs), ep is
the fraction of shock energy converted to the magnetic fields energy, €. is the fraction of shock energy used to
accelerate the electrons, p is the index of the electron power-law distribution, and no is the particle density in

the ambient medium (em™2). . . . . . L e e

I11.10 Light curves in r (left) and J (right) bands of the 500 GRBs in our mock sample. The dashed red line represents

the 5o limiting magnitude for an exposure of 30s, an airmass of 1.5, a seeing at zenith of 0.8" and 7 days after
the new moon. This corresponds to an AB magnitude of 21.27 and 19.53 in r and J bands respectively. The

different time at which the observations are represented by the blue and green dashed lines. . . . . . . . . .

1I1.11 Photometric redshift accuracy : results of the simulation of 625 GRB afterglow spectra samples with
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difference nz = Az/(1 + z) versus the input redshift, i.e. zsim. The points represents the zpnot values
and the blue shaded area represents the uncertainty at 1o level. The shape of the points represent
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111.12 Example of the outputs of the algorithm for a simulated GRB at z=7.83 with Ay =0.18 mag. The

GRB is detected only in J and H with a SNR of 5.8 and 5.4 respectively. Left : Best SEDs using
the best fit values (green line) and the median of the PDFs (dashed blue line). Right : one and two
dimensional projections of the posterior PDFs for all parameters. The vertical and horizontal blue
lines represent the true value of the parameters. The code returns a median value of z=6.81 with

+1.42/-1.98 1o uncertainty. . . . . . . ... L.

II1.13 Results of the estimation of 2,40t for the 500 GRBs simulated with the synchrotron model and observed during

5 minutes starting at to+60s, to+12h and to+24h (from left to right). From top to bottom : zppnot, absolute
difference zphot — 2zsim and relative difference (zpnot — Zsim)/(1 + 2zsim) as a function of the input redshift
Zsim. The colorbar encodes the amount of attenuation in the V band i the host galaxy. The symbols, located
at the zppor estimation, represents how many bands have a SNR>3. The blue shaded area represents the 1o

uncertainty associated to the photometric redshift estimation. . . . . . . . . . . .00 000

111.14 Photometric redshift accuracy : results of the simulation of 625 GRB afterglow spectra samples with

IV.1

IV.3

the empirical model without the NIR detector CAGIRE. From top to bottom : zphot, absolute diffe-
rence Az = 2Zphot — Zsim, relative difference n = Az/(1 + z) versus the input redshift, i.e. zsim. The
points represents the z,n0; values and the blue shaded area represents the uncertainty at 1o level.

The shape of the points represent the number of band with a SNR>3. . . . . . . . . . .. ... ..

Sketch illustrating the dust effect of the dust extinction (left) and dust attenuation (right). Left : UV photons
are preferentially absorbed compared to NIR photons and the scattering is rather forward oriented for UV
photons while it is more isotropic for NIR photons. Right : For extended sources stars are located at different
optical depth and young stars are preferentially found in their birth clouds while old stars had time to migrate
outside [CHARLOT et FaLL, 2000] and some photons can be scattered to the observer line of sight. . . . . . .
Spectral Energy Distribution of a galaxy simulated with CIGALE for different amount of attenuation :
Ay= 0, 0.6, 1.2, 1.8 mag. The attenuation is modelled using the formulation of NoLL et al., 2009
with 6=0, and a UV bump amplitude of 3. The galaxy is 1 Gyr old, with a solar metallicity, an
initial mass function of CHABRIER, 2003, and the dust emission in IR is modelled using DALE et al.,
2014 templates. No nebular emission is used. The blue and red shaded area represents the UV and
NIR (from 1.6 to 4 um). The red dashed line represents the dust emission for Ay = 1.8 mag. The
unattenuated stellar emission is visualised by the blue solid line corresponding to Ay = 0 mag.

Attenuation curve from CALzZETTI et al., 2000 alongside the 3 local mean extinction curves from PE1, 1992.
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IV.4 Attenuation curves modelled using the modified starburst law. Left : Using various slope and a UV bump
amplitude of 3.5. Right : Using a slope of 0.0 and various UV bump amplitudes. . . . . . . . . . . . . ..
IV.5 Illustration of the different meaning of Ej, for the N09 and SBL18 recipes. Left : Attenuation curves modelled
with various Fj and a slope of -0.5. Right : Attenuation curves modelled with various Ej and a slope of 0.5.
The continuous and dashed lines correspond to the N09 and SBL18 recipes respectively. . . . . . . . . ..
IV.6 Ilustration of the 3 geometries adopted in WG00. The star symbols represent the stellar distribution and the
grey shaded area represents the dust distribution. Figure taken from WGO00. . . . . . . . . . . . . . . ..
IV.7 The continuous line represents the albedo (left) and scattering phase function (right) as a function of wavelength
for the MW dust adopted in WGO00. The points are measurements and the dashed line is the dust grain model
of K et al., 1994. Figure taken from WGO00. . . . . . . . . . . o o . o o o oo
IV.8 Caption for LOF . . . . . . . . o o o e e e e e e e e s e e e e e
IV.9 Caption for LOF . . . . . . . . o o e e e e e s e e e e e
1V.10 Hlustration of the lognormal density fields computed for sonic Mach numbers of 1, 2, 4, 6, 8, and 12. The color
bars show the ratio of density over the mean density. The density field evolves from being almost homogeneous
for Ms=1 to very clumpy for Ms=12. Figure taken from SD16. . . . . . . . . . . . ... ... ... ..
IV.11 Comparison of the extinction and albedo curves of WEINGARTNER et DRAINE, 2001 and WiTT et (GORDON,
2000. In the left panels, the extinction, absorption, and scattering curves are denoted as solid, dotted, and
dashed lines, respectively. In the top and middle panels, the MW and SMC curves of WEINGARTNER et
DraINE, 2001 and WitT et GOrDON, 2000 are denoted as black and red lines, respectively. The LMC curves
of WEINGARTNER et DrAINE, 2001 are also shown in the bottom panels. Figure and caption taken from SD16
1V.12 Top left : Attenuation curves computed with the model of SD16 for the different dust models and same geometry
(tv=1, Ms=8, Rs/Rq—0.6). Top right : Attenuation curves normalised to Ay computed with the model of
SD16 for the different dust models and same geometry (7y =1, Ms=8, Rs/R4=0.6). Bottom : attenuation
curves normalised to Ay for the WD-LMC dust type, from left to right only 7v, Rs/R4 and M, are varied
while the other 2 parameters are fixed. . . . . . . . . . . L L L oL e e e e e e e e e e e
1V.13 Absolute and relative difference of the best fit of RT attenuation curves adopting the WD dust models with
different attenuation recipes : C00 (orange points), SBL18 (blue points). From left to right : WD-MW, WD-
LMC and WD-SMC dust types. From top to bottom : absolute difference between the intrinsic shape of RT
attenuation curve, i.e. AT JAET  and the intrinsic shape of the best fit for a given recipe, i.e, A;empe/A(fCipe,
relative difference, absolute values of the absolute difference, and the absolute values of the relative difference.
The dotted grey line represents no deviation, the light and dark grey dashed lines represent a deviation of 5
and 10 % respectively. . . . . . . L oL Lo e e e e e e e e e e e e
1V.14 Same as Figure 1V.13 but for the WG dust models. . . . . . . . . . . . . . . .. oo o000
V.15 A;E”pe as a function of the input A{;T for WD-MW, WD-LMC, WD-SMC, WG-MW and WG-SMC dust
models. The orange and blue points are the results obtained with the C00 and SBL18 recipes respectively. The
dashed line represents the 1 :1 relation. . . . . . . . . . . . . . . ..o L o e e e e e e e
1V.16 Same as Figure 1V.13 but this time A[7“?® is fixed to A}’ and only the SBL18 is considered. . . . . . . .
IV.17 Same as Figure IV.16 but for the WG dust models. . . . . . . . . . . . . o oo oo oo
1V.18 Mlustration of the best fit of one RT attenuation curve (v =1, Rg/R4=0.6, Ms=8) with the C00 (orange) and
SBLI18 (blue) recipes with A7  set to AT, . . L L.
1V.19 Top : the black line correspond to the SD16 RT attenuation curve with 7v=1, Rg/Rq=0.6, Ms=8 for the
WG-MW dust, the red line correspond to its best fit with the SBL18 recipe. The multi color lines correspond
to the SBL18 best fit where the slope ¢ is varied from -1 (purple) to 0.5 (yellow). The right panel is a zoom in
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I1V.20 2D distributions of the best-fit parameters of the SBL18 recipe for the WG-SMC, WD-MW and WD-LMC
dust models. The 1D distribution of the individual parameters are shown along the diagonal. . . . . . . . .
1V.21 Top : Slope of the attenuation curve, 8, as a function of Ay . The black dashed line represents the relation found
from a compilation of radiative transfer simulations in CHEvVALLARD et al., 2013. The black line represents the
mean relation based on the observations of 230000 local galaxies in SaLiM et al., 2018. Bottom left : Slope of
the attenuation curve, d, as a function of the color excess, F(B — V). The black line represents the relation
based on galaxies at z~1.5-3 from CANDELS in SaLmon et al., 2016. The grey line represents the relation of
SaLmoN et al., 2016 corrected to impose E(B — V) = Ap — Ay when using the N09 recipe. The dashed line
are extrapolation of these relations at higher E(B — V). Bottom right : Same as the middle panel except that
we selected only attenuation curves with 8< My <12 and 0.2 < Rs/R4 <0.4 to model a clumpy shell geometry
as in SALMON et al., 2016. The colors encode different dust models. Each point represents the best-fit values
for one configuration (7v, Rs/Rq, Ms) of SD16. The error bar represent the mean and standard deviation of
dforeach binin Ay and E(B—V). . . . . . . . . . o e e
1V.22 Dependence of the SBL18 recipe parameters to the optical depth (7v), ratio of stellar over dust distribution
(Rs/R4) and degree of clumpiness (M, of the SD16 RT model. From top to bottom : Dependence of the
attenuation slope (§), the amount of dust in V band (Ay), the color excess (E(B — V)), the UV bump
amplitude (Ep) and the UV bump width () to 7y, Rs/Rq and M, from left to right. The colors encode
the different dust models. Each point represents the best-fit values for one configuration (7v, Rs/Ra4, M) of
SD16. The error bar represent the mean and standard deviation of § for each bin of the considered SBL18
parameter. . . . oL L L. L L L o s L e s s e e e e e e e e e e e e e e e e e e e e e e e e e
1V.23 Top : Mean local extinction curves using data of Table 1 in Pr1, 1992, normalised to Ay . Bottom : Difference

between the mean local extinction curves, normalised to Ay . They start to differ significantly in the FUV.

The blue shaded area represents the minimum rest-frame spectral coverage we require, that is, 1600A to 5500A . 98

1V.24 Top : GRBH 061121, GRBH 070802 and GRBH 080805, Bottom : GRBH 080605, GRBH 080607 and GRBH
120119. The solid black line is the extinction curve normalised to A%rb, the blue one is the attenuation curve
normalised to A$f®™ and the green one is the normalised Calzetti law. The blue shaded area represents the 1o

uncertainty on the attenuation curve. . . . . . . . . L L Lo oL L0 o e e e e e e e e e e e e e

V.1 Balmer emission lines fluxes computed with CIGALE for the best fit of GRBH 080207. The green and blue
lines correspond to the nebular emission and stellar continuum respectively. The red lines correspond to 40A
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Introduction to Gamma-Ray Bursts

1. The GRB phenomenon
1.1. GRB discovery

The first gamma-ray burst (GRB) was fortuitously discovered by the US military Vela satellites in
1967, and published in 1973 [KLEBESADEL et al., 1973], whose mission was to detect atmospheric nuclear
detonations to ensure compliance with the Partial Test Ban Treaty signed with the Soviet Union in
1963. In the following two decades, this new phenomenon was further observed with y-rays and X-rays
detectors, which allowed scientists to start characterising GRBs : their spectra were following a power
law shape [CLINE et al., 1973], their temporal duration followed a bimodal distribution and they were
isotropically distributed in the sky suggesting an extragalactic origin [MAZETS et al., 1981]. However the

sample was too small and heterogeneous to draw firm statistical conclusions.
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Figure I.1— GRB discovery : light curves of a GRB recorded at three Vela satellites on August 22, 1970.
(Credit : KLEBESADEL et al. 1973)

In 1991, the NASA launched the Compton Gamma-Ray Observatoy (CGRO) dedicated to the obser-
vation of the high-energy Universe with four instruments sensitive to the energy range from 30 keV to
30 GeV, and among them the Burst And Transient Source Experiment (BATSE) especially designed for
the study of GRBs. During its nine years of operation BATSE detected 2704 GRBs leading to the first
revolution of our knowledge of GRBs. First, it confirmed the classification of GRBs in two different classes

based on their duration on a large and homogeneous sample [FISHMAN et al., 1994] : short GRBs are
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defined by Tgg < 2 s and long GRBs by Tgg > 2 s where Tgg corresponds to the time over which 90%
of the burst counts are recorded (FISHMAN et al. 1994, see Figure 1.2). The short bursts tend to have a
higher hardness ratio than the long ones (KOUVELIOTOU et al. 1993, see Figure 1.2). Secondly, it confir-
med the isotropy of the angular distribution with a more sensitive instrument and on a larger sample
(see Figure 1.3). Both the isotropic distribution of faint and bright GRBs and large number of GRBs
put severe constraints on models predicting a Galactic origin with neutron stars in the galactic halo.
Consequently, the hypothesis of an extragalactic origin became more credible, but the gigantic amount

of energy at stake remained difficult to explain.
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Figure I.2— Top : Distribution of Tyo from the 4B BATSE Catalog [MEEGAN et al., 1998]. Tgo corresponds to
the time over which 90% of the burst counts are recorded. Bottom : Distribution of hardness as a function of
Tgo. The hardness ratio is defined as the ratio of counts in two BATSE channels : Channel 3 (100-300 keV)
divided by Channel 2 (50-100 keV). (Credit : FISHMAN et al. 1994 ; KOUVELIOTOU et al. 1993)

The launch of BeppoSAX satellite in 1996 by the Italian Space Agency, with an important contribution
of the Netherlands Agency for Aerospace programs, opened the GRB afterglow era and eventually closed
the debate on the origin (Galactic or extragalactic) of GRBs. The major advantage of BeppoSax over
previous missions was its capability to obtain arcminute localisation through a combination of large field
of view instruments to first detect the GRB and X-ray detectors with smaller fields of view to then refine
the localisation. On February 28, 1997 BeppoSax detected the first X-ray counterpart of a GRB detected
a few hours before [COSTA et al., 1997]. The localisation of the GRB was sent to ground-based telescopes
who further discovered the first optical counterpart of a GRB [GROOT et al., 1997 ; VAN PARADIJS et al.,
1997]. Less than 3 months later, the brightness of the afterglow of GRB 970508 peaking about 40h after
the trigger allowed the measurement of its spectrum with the Keck Telescope by M. R. METZGER et al.,
1997 which exhibited absorption lines of Fell, Mgl and MgII and permitted the first measurement of a
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spectroscopic redshift at z=0.767-0.835. This closed the debate on the distance and the next step was to

investigate the mechanism releasing such a huge amount of energy in a few seconds.

I  —

107 10° 10° 10*
Fluence, 50-300 keV (ergs cm?®)

Figure 1.3— Angular distribution of 2704 bursts in the BATSE catalog projected on an Aitoff-Hammer
projection in Galactic coordinates. The color encodes the fluence. (Credit : NASA)

1.2. The fireball scenario

As GRBs are extragalactic events, their fluxes imply gigantic amount of energy which can reach up
to 104~ 55erg if the emission is isotropic and is released in a few seconds. This is more than the energy
produced by the Sun during its entire lifetime. This makes GRBs the most energetic explosions in the
Universe. An important constraint on the source comes from the millisecond variability measured in
GRB ~-ray light curves. Indeed, the shortest time fluctuations, At, of an astronomical source constrain
its size to be R < cAt, because all temporal fluctuations faster than the light crossing time of the source
are smeared out by propagation delays within the source. Consequently, the millisecond variability ob-
served for GRBs implies an emitting region with size R <300 km for a non-relativistic source. Such
huge amount of energy released in a compact region imply the formation of a high temperature ejecta,
a "fireball", mostly consisting in high energy photons and electron-positron pairs via vy — e~e™. The
creation of electron-positrons pairs from high energetic photons is very efficient to suppress photons with
an energy above ~1 MeV. However, such photons have been observed in many GBRs. This problem was
solved by considering that the fireball is expanding relativistically in the circumburst medium (CGM)
in a collimated jet with Lorentz factors I' ~ 100-1000 [PACZYNSKI, 1986 ; PIRAN, 1999]. A relativistic
expansion provides an efficient way of reducing the pair creation as the size of the typical size of the emit-
ting region is now I'2cAt instead of cAt which reduces the density of photons and in the moving frame of
the fireball photons are softer by a factor I'. The typical size of the source became R < I'2cAt =3 - 10°
km for a relativistic flow with a Lorentz factor, I, of 100 and At ~ 1ms [VEDRENNE et ATTEIA, 2009]
. The release of the emission through a collimated jets also significantly reduces the energy reservoir of
the central engine relaxing the energetic constraint on the progenitor.

The fireball shock model based on internal and external shocks was first introduced by REES et MES-
ZAROS, 1992 and REES et MESZAROS, 1994 respectively and a detailed review is given in MESZAROS,
2006. Internal shocks aim at reproducing the variable prompt ~-ray emission. These shocks occur inside
the relativistic ejecta between shells ejected from the central engine at different Lorentz factors, when a
faster shell overtakes a slower one. The prompt emission of y-ray is mostly produced by synchrotron and
inverse Compton radiation from electrons accelerated to relativistic velocities within internal shocks in
the fireball [REES et MESZAROS, 1994]. External shocks result of the interaction of these shells with the
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CGM which produces the multi-wavelength afterglow emission. They occur when the GRB jet is slowed
down by the surrounding CGM : either a cold interstellar medium (ISM) or a stratified wind ejected by
the progenitor [REES et MESZAROS, 1992]. Then two shocks form, a forward shock propagating into the
surrounding CGM and a reverse shock propagating back into the ejecta. The electrons accelerated within
these shocks eventually cool through synchrotron emission producing the multi-wavelength (from X-rays
to radio) afterglow emission. The different phases of the fireball model are illustrated in Figure 1.4.

To reproduce the observed non-thermal spectra of GRBs, the fireball must have a small baryonic conta-
mination, 10™* M, at most. These baryons transform the initial radiative energy into kinetic energy, and
later on their interaction with the surrounding medium within the relativistic shocks allow the fireball
energy to be radiated in a non-thermal spectrum [REES et MESZAROS, 1992].

The launch of the Neil Gehrels Swift Observatory by the NASA in 2004 [GEHRELS, 2004], led to the
discovery of new features in some GRB light curves that were not anticipated by the fireball model :
shallow temporal decay phases in the early X-ray afterglow, very luminous X-ray flares, achromatic break
between X-ray and optical afterglows [NOUSEK et al., 2006 ; B. ZHANG et al., 2006 ; CHINCARINI et al.,
2007]. This suggests a more complex evolution of the jet dynamics and of the shocked regions than the
standard fireball (some theoretical issues of the fireball model are discussed in MESZAROS 2006). Although
more complexity is required for some GRBs, the fireball shock model offers the most successful theoretical
framework to reproduce both prompt and afterglow emission for the long and short class GRBs. However,
it is independent of the nature of the central engine powering the GRB. In the next section, the most

favoured progenitors are discussed.

Bursting Out

Formation of a gamma-ray burst could begin
either with the merger of two neutron stars or
l—. with the collapse of a massive star. Both these
events create a black hole with a disk of material X-rays,
Neutron stars around it. The hole-disk system, in turn, pumps visible
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Figure I.4— Illustration of the internal-external shock fireball model. On the left are illustrated the two most
favoured progenitors leading to the creation of a black hole with an accretion disk. (Credit : GEHRELS et al.,
2007)
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1.3. GRB progenitors

The main difficulty to understand the nature of the progenitors lies in the fact that the GRB emission
is released far from the central engine. Consequently we cannot observe directly the progenitor and its
properties are inferred by indirect means. The shortest time variability of the order of the millisecond
implies a compact central engine. The total duration of the burst lasting up to few tens of seconds
implies that the central engine has a prolonged activity. The non repetition of these events implies that
the progenitor is likely to be destroyed. For these reasons, GRBs were associated with a newborn black
hole with a massive accretion disk (~ 0.1Mg). This system can arise from the coalescence of binary
compact stellar remnants [NARAYAN et al., 1992] or the explosion of a massive star such as collapsars
[WOOSLEY, 1993]. Both scenarios result in a spinning black hole with the debris forming an accretion disk.
The GRB can be the result of the release of the gravitational energy of the matter falling in the black hole.
An alternative source of energy can be the spin energy of the black hole through the Blandford-Znajek
mechanism [BLANDFORD et ZNAJEK, 1977].

In the following we briefly review the two most successful models associated to the long and short GRBs :

the collapsar model and the merger of compact objects respectively.

1.8.1. Collapsar model

A collapsar is a very massive, at least 20 to 30 My, and fast rotating star, likely Wolf-Rayet star,
whose iron core directly collapses to form a black hole at the end of its stellar evolution [WOOSLEY,
1993]. After the collapse, the residual matter of the progenitor is accreted by the black hole. After a few
tens to hundreds of seconds after the collapse, the accretion of matter at the polar regions becomes less
intense and a partial evacuation of matter in the polar regions is achieved with the fast rotation of the
black hole [FRYER et al., 1999]. The energy in the accretion disk can then be dissipated by neutrinos
annihilation which can produce relativistically expanding blastwave of radiation and pairs along the
rotational axis [WOOSLEY, 1993]. To avoid the problem of a significant baryonic contamination in the
fireball, the progenitor should have lost its hydrogen envelope through stellar winds before the collapse,
which relates the progenitor of collapsars with those of type Ib/Ic supernovae (SN) characterised by a
lack of hydrogen lines in their spectra [MACFADYEN et WOOSLEY, 1999]. Further constraints on the
progenitor star are provided by numerical simulations which showed that a collapsar can produce an
accretion disk powering a GRB only if the collapsing core has a high angular momentum [MACFADYEN
et WOOSLEY, 1999]. However Wolf-Rayet stars are expected to have strong stellar winds which reduce the
angular momentum by mass loss. This mass loss is function of the metallicity and GRBs can be produced
by Wolf-Rayet stars with low metallicities [HIRSCHI et al., 2005; YOON et LANGER, 2005; WOOSLEY
et BLoOM, 2006]. An other mechanism involves a binary system where the binary companion removes
the hydrogen envelope of the progenitor star while its angular momentum is preserved [VAN DYK et al.,
1996 ; FRYER et al., 2007]. A more detailed review of the collapsar model can be found in FRYER et al.,
1999 ; W. ZHANG et al., 2004 ; WOOSLEY et BLooM, 2006 ; FRYER et al., 2007.

The strongest observational evidence that links GRBs to the death of massive stars is the association of
a GRB with a SN. The first convincing association was for the long GRB 980425 and SN 1998bw, where
the SN occurred approximately one day after the GRB within the GRB localisation error box with a
very low chance of coincidence of 10~* [KULKARNI et al., 1998 ; GALAMA et al., 1999]. Unfortunately the
afterglow was not detected and so no comparison of the spectral features could be made with the spectrum
of SN 1998bw . The first unambiguous association of a GRB with a type Ic SNe was made 5 years later
for the long GRB 030329 and SN 2003dh [STANEK et al., 2003 ; HJORTH et al., 2003]. The spectrum of
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the afterglow evolves from a typical power-law continuum to a spectrum very similar to the one of SN
1998bw a few days later (see Figure 1.5), providing an unambiguous evidence of the emergence of a SN
in the GRB afterglow spectrum a few days after the GRB detection. A few other spectroscopic GRB/SN
associations has been made with the launch of Swift (e.g. XU et al. 2013; J. GREINER et al. 2015). A
spectroscopic detection of a GRB/SN connection is only possible at low redshift (z<0.5), and at larger
redshift the evidence of GRB-SN association is obtained with the presence of bumps in GRB afterglow
light curves appearing a few tens of days. These bumps correspond to an extra emission component which
are well modelled by a SN emission [ZEH et al., 2004]. A more detailed review of the GRB/SN connection
can be found in HjorTH, 2013.
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Figure I.5— Left : Spectrum of GRB 030329 taken at different time after the burst. The early spectra is well
approximated by a power-law continuum (F, o 1/_0‘9). After April 5, broad peaks typical of SN spectra appear.
Right : Spectrum of GRB 030329 measured the 8th of April with continuum subtracted. The spectrum shape is

very similar to the one of SN 1998bw a week before maximum light. (Credit : STANEK et al. 2003)

1.3.2. Merger scenario

A fast rotating black hole with an accretion disk can also be produced by the coalescence of two
compact objects [PACZYNSKI, 1986 ; EICHLER et al., 1989]. The most frequently discussed scenarios are
the coalescence of two neutron stars (NS-NS) or a black hole with a neutron star (BH-NS). Short GRB
afterglows are much less luminous than the long GRB ones making the detection of an optical spectrum
more difficult and rare. Therefore the coalescence of two compact objects was only supported by some
indirect evidence : the estimated rate of NS-NS merger [PHINNEY, 1991 ; NARAYAN et al., 1992 ; VAN DEN
HEUVEL et LORIMER, 1996] was found similar to the rate of GRBs [FENIMORE et al., 1993]; large offsets
between GRB position and the host galaxy centre, larger than for long GRBs [BLOOM et PROCHASKA,
2006 ; FONG et BERGER, 2013 ; TUNNICLIFFE et al., 2014] ; short GRBs are found in all types of galaxies,
and a significant fraction is even found in elliptical galaxies with old stellar population and no ongoing star
formation [BERGER et al., 2007 ; BERGER, 2009] suggesting that the stellar population of short GRB host
galaxies is older than in the long GRB host galaxies [BLOOM et PROCHASKA, 2006 ; PROCHASKA et al.,
2006] ; the lack of short GRB-SN association (see, e.g., [D. B. FOX et al., 2005 ; ROWLINSON et al., 2010]. A
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more convincing evidence that the progenitor of short GRB is a compact binary merger was the first clear
indication of a kilonova associated with the short GRB 130603B which is responsible for a re-brightening
of the NIR afterglow about 9 days after the burst [TANVIR et al., 2013]. Indeed, the theoretical framework
of a compact binary merger predicts that the merger will create a significant quantity of neutron-rich
radioactive species, whose decay should form a transient emission a few days after the burst [ROSSWOG et
al., 1999; B. D. METZGER et al., 2010]. The ultimate observational evidence that compact binary mergers
are the progenitors of short GRBs was obtained recently with the joint observation of the gravitational
wave GW 170817 with the short GRB 170817A resulting of the coalescence of 2 neutron stars with a
total mass system of ~ 2.8 Mg [ABBOTT et al., 2017].

In the following we will only consider long GRB and the term GRB will refer to the long class type.

1.4. Host galaries population
1.4.1. The early picture...

The first samples of long GRB host galaxies that were studied contained almost exclusively blue
(UV-bright), low mass, irregular galaxies with active star formation and long GRBs were located close
to the most UV bright regions [FRUCHTER et al., 1999; LE FLOC'H et al., 2003 ; BERGER et al., 2003 ;
CHRISTENSEN et al., 2004 ; TANVIR et al., 2004 ; FRUCHTER et al., 2006 ; SAVAGLIO et al., 2009]. Lyman-a
emission properties of the host galaxies indicated a preference for GRB progenitors to be metal-poor [J. P.
FYNBO et al., 2003], and measurement of sub-solar metallicities [PROCHASKA et al., 2004 ; SOLLERMAN
et al., 2005 ; GOROSABEL et al., 2005] further supported the predictions of the collapsar model. Whether
this population of GRB host galaxies were representative of the general star-forming population was
highly debated. As they are found on average bluer, less massive, fainter, younger and less less metal-
rich than the general star-forming population several studies concluded that were biased tracers of star
formation due to the lack of red, obscured and luminous galaxies [FRUCHTER et al., 1999; LE FLOC'H
et al., 2003 ; BERGER et al., 2003 ; CHRISTENSEN et al., 2004; LE FLOC’H et al., 2006 ; FRUCHTER et
al., 2006]. However, SAVAGLIO et al., 2009 considered that blue, faint, and young galaxies are the most
common galaxies that existed in the past, and did not find evidence that GRB host galaxies belonged to
a special population using the largest sample at the time of 46 GRB hosts mostly at z < 1.5.

1.4.2. ... got dusty

In the late 1990s early 2000s the follow-up of GRB was not fully optimised and very often there was
a long delay between the GRB detection at high energy and the beginning of the optical follow-up with
ground telescopes. Moreover the follow-up was performed in the visible domain only and not in the NIR
(see e.g. TAROT [BOER et al., 2003]). Consequently, there was a selection effect against high-z GRBs,
that can only be detected in NIR, and dusty GRBs, whose flux is heavily extinguished by dust and falls
below the instrument sensitivity more rapidly than non-extinguished GRBs (emitting the same amount
of energy). In the mid 2000s early 2010s, the apparition of fully robotic telescope (e.g. REM [ZERBI et al.,
2004] or semi-robotic telescopes (e.g. PAIRITEL [BUTLER et al., 2006/, GROND [J. GREINER et al., 2008]
and RATIR [BUTLER et al., 2012]) equipped with optical /NIR, detectors and located at different latitudes,
allowed a more systematic and rapid follow-up of the GRB alerts coming from the Swift Observatory.
They allowed to detect many dusty GRB afterglows with visual extinction Ay > 1 mag (e.g. KRUHLER
et al. 2008; D. A. PERLEY et al. 2009; J. GREINER et al. 2011) and detections of GRBs up to z ~ 8-10
[SALVATERRA et al., 2009; TANVIR et al., 2009; CUCCHIARA et al., 2011; TANVIR et al., 2018]. The
host galaxy population associated to the dusty GRBs is more massive, suffering more dust attenuation,

redder and more metal-rich than the host galaxy of bright GRB optical afterglow [KRUHLER et al., 2011 ;
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HJORTH et al., 2012 ; Ross1 et al., 2012; D. A. PERLEY et al., 2013]. The discovery of this new population
different from the initial one along with spectroscopic measurements of solar or super-solar metallicty
host environment [LEVESQUE et al., 2010 ; ELLIOTT et al., 2013 ; SCHADY et al., 2015] involved that GRB
host galaxies are less biased tracers of star formation than initially thought. The determination of the
fraction of GRBs whose optical afterglow is not detected because of intermediate to high dust extinction
can give us an estimate of the fraction of this red, massive, metal-rich population in the total GRB host
population. Defining dark bursts as bursts with an optical to X-ray slope Sox<0.5 [JAKOBSSON et al.,
2004], J. P. FYNBO et al., 2009 estimated the fraction of dark bursts to be between 25-42%. This estima-
tion was confirmed by J. GREINER et al., 2011 who found a fraction of 25-40% depending on the definition
of dark bursts, either 8o x<0.5 [JAKOBSSON et al., 2004] or Sox < Sx — 0.5 with S8x the X-ray spectral
index [VAN DER HORST et al., 2009]. The darkness of an optical GRB afterglow can be either due to an
intrinsic low luminosity of the afterglow, a large amount of extinction along the GRB line of sight or a
burst located at high redshift and thus not detected in optical due to Ly-a blanketing and absorption
in the intergalactic medium (IGM) [J. U. FYNBO et al., 2001]. J. GREINER et al., 2011 showed that ~
75% of these dark bursts are due to the amount of extinction along the GRB line of sight. MELANDRI
et al., 2012 reached similar conclusions, they found a dark burst fraction of 20-36%, depending on the
definition, mostly caused by dust extinction for a sample of GRBs selected with high-energy criteria.
On a sample of 53 GRBs complete in redshift and selected from high-energy parameters of the prompt
emission and therefore not biased against dusty lines of sight, COVINO et al., 2013 estimated that half the
GRBs have a visual extinction Ay > 0.4 mag and ~25% above 1 mag. This suggests that the red popula-

tion might account for approximately one quarter to one third of the overall GRB host galaxy population.

Currently, long GRB host galaxies have been found with stellar masses ranging from ~ 108Mg, for
optical bright GRBs up to ~ 10 Mg, for dusty GRBs (e.g. KRUHLER et al. 2015; D. A. PERLEY et al.
2016b. They are generally sub-solar [GRAHAM et FRUCHTER, 2013 ; KRUHLER et al., 2015 ; JAPELJ et al.,
2016 ; VERGANI et al., 2017] but solar and super-solar metallicities are also found (e.g. KRUHLER et al.
2012; SAVAGLIO et al. 2012 ; ELLIOTT et al. 2013 ; KRUHLER et al. 2015; VERGANI et al. 2017). Because
of the selection effects in optical, two X-ray selected samples were built to study properties of GRB host
galaxies in a unbiased way : The Optically Unbiased GRB Host survey (TOUGH, HJORTH et al. 2012)
and the Swift GRB Host Galaxy Legacy Survey (SHOALS, D. A. PERLEY et al. 2016a). They contain
69 and 119 GRBs respectively and SHOALS is the largest sample of GRB host galaxies up to now.

2. GRBs as probes of the high-redshift universe
2.1. Tracer of star formation

Due to their extreme luminosity, GRBs can be detected at very high distances and at present GRB
090423 is the farthest away GRB with a spectroscopic redshift measurement of 8.265-07 [SALVATERRA
et al., 2009 ; TANVIR et al., 2009]. Their association with massive stars naturally implies that they offer a
unique probe to study star formation up to very high redshift. The star formation activity of a galaxy can
be inferred from its location on the main sequence of star-forming galaxies, typical star-forming galaxies
exhibit a linear correlation between their star formation rate (SFR) and stellar masses, galaxies above the
sequence are forming much more stars than expected for typical galaxies and galaxies below the sequence

are only forming few to very few stars (see Figure 1.6, e.g. SCHREIBER et al. 2015).
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Figure I.6— Main sequence of star-forming galaxies. Normal galaxies are forming stars at a rate proportional to
the number of stars they already formed (blue points). Galaxies forming stars at a higher rate are called
starbursts (purple points). Galaxies that are forming few stars are located in the region called the "green valley"
(green points). Galaxies that are not forming stars anymore are called quiescent galaxies (red points). (Credit :
Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS))

As we already discussed, selection effects and low statistics are inherent to the study of long GRB
host galaxies. Consequently, the question whether long GRBs are representative of normal star-forming
galaxies is still debated (e.g. LE FLOC’H et al. 2003 ; MICHALOWSKI et al. 2012; SCHULZE et al. 2015;
VERGANI et al. 2015 ; JAPELJ et al. 2016). The general picture is that GRB host galaxies at z<1-2 have
in average lower stellar mass than normal star-forming galaxies, and sub-solar metallicities suggesting
a high-metallicity aversion for long GRB host galaxies but without absolute threshold as some solar or
even super-solar galaxies are found GRAHAM et FRUCHTER, 2013 ; D. A. PERLEY et al., 2013 ; BOISSIER

et al., 2013 ; KRUHLER et al., 2015; VERGANI et al., 2017. A possible evidence of a metallicity threshold
of ~ 0.7 Z has been found in VERGANTI et al., 2017. However, after the reinvestigation of stellar masses
in PALMERIO et al., soumis, derived from SED fitting instead of IRAC1 luminosities as previously, there
was no evidence of a threshold anymore (see left panels of Figure 1.7), although GRB hosts metallicities
are still found lower than for field galaxies. The stellar mass-metallicity relation has also been discussed in
ARABSALMANI et al., 2018 where they found GRB host galaxies metallicities to be lower but still within
the scatter observed for typical star-forming galaxies (see right panels of Figure 1.7). Based on a sample
of long GRBHs with dusty GRBs, L. K. HUNT et al., 2014 found that at z 2 1 GRBHs were unbiased
tracers of star formation whereas at z < 1 GRBHs are biased towards lower stellar masses. Based on
the largest sample of GRB host spectra observed with the X-shooter instrument [VERNET et al., 2011]
at the Very Large Telescope in Paranal, KRUHLER et al., 2015 found that GRB host properties at low
redshift (z < 1-2) are influenced by the tendency of GRBs to avoid the most metal-rich environments.
They concluded that given the decrease of metallicity with the redshift, normal star-forming galaxies are
expected to have Z ~ Zg at z ~ 3 and thus GRBHs should probe most of the star formation at z 2 3,
reaching similar conclusions as J. P. U. FYNBO et al., 2008 ; SCHULZE et al., 2015; TRENTI et al., 2015.
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Figure I.7— Left : The fundamental metallicity relation(FMR) plane. Top : host galaxies of the Swift/BAT6
sample of LGRBs at z < 2 in VERGANI et al., 2017. Metallicities are measured with the MAIOLINO et al., 2008
method, SFR measured from H, luminosities [KRUHLER et al., 2015] and stellar masses are derived from TRAC1
luminosities [D. A. PERLEY et al., 2016b]. The gray line corresponds to the FMR found by MANNUCCI et al.,
2010; MANNUCCI et al., 2011. The dark blue curve and area correspond to FMR relation and of its quartiles
obtained using the simulation of CAMPISI et al., 2011 and the cyan curve and area correspond to the best-fit
model results [VERGANI et al., 2017]. Bottom : same sample as inVERGANI et al., 2017 with additional hosts
between 1 < z < 2, metallicities and SFR are derived the same way as in VERGANI et al., 2017 but stellar
masses are derived from SED fitting [PALMERIO et al., soumis]. Right : The stellar mass - metallicity (MZ)
relation for 33 GRB hosts from ARABSALMANI et al., 2018. Metallicities are derived with the MAIOLINO et al.,
2008 method. In the upper panel, the solid line corresponds to the MZ relation at z = 0 from MAIOLINO et al.,
2008. Lower panel shows the offsets between the metallicity measurements of GRB hosts and the MZ relation at
the GRB redshift. (Credit : VERGANI et al. 2017 ; PALMERIO et al. soumis; ARABSALMANI et al. 2018)

GRBs are also used to study the cosmic star formation rate density. They are fainter galaxies than
in typical galaxy surveys so they provide an insight of the contribution of faint galaxies to the cosmic
SFR. Different studies found a larger SFR density at z > 4 compared to galaxy surveys, after a careful
calibration at z < 4, suggesting the important role played by faint galaxies during reionization [YUKSEL
et al., 2008 ; KISTLER et al., 2009; TRENTI et al., 2012].

2.2. GRBs as probe of the ISM of distant star forming galaxies

Apart from being extremely luminous and indicating distant star-forming regions, GRB afterglows also
provide a unique insight of the interstellar medium (ISM) of distant star-forming galaxies. Indeed, they
can occur in very deep regions of the galaxies and their bright and featureless simple power-law spectrum
can clearly imprint absorption features by intervening dust, gas and metals. Moreover, the afterglow fades
rapidly allowing the study of the host galaxy once the afterglow does not contribute to the host galaxy
luminosity anymore. The key point to study the ISM with GRBs is a rapid multi-wavelength follow-up
to observe the afterglow in the first tens of minutes after the burst when it is very bright, permitting
to collect valuable information from spectroscopic observations of the afterglow in only 1 or 2 hours
observing time. Such an optimised observation strategy was possible for the time with the Neil Gehrels

Swift observatory which could very rapidly provide arcsecond positions to the community thanks to a
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rapid acquisition of optical and X-ray observations with UVOT and XRT. Then several ground facilities,
such as GROND and X-shooter, were triggered to perform multi-wavelength observations of the early
afterglow. The absorption imprint left on the GRB afterglow spectrum by intervening materials can be
used to study the kinematics and ionization state of various intervening absorption systems (e.g. A. J.
Fox et al. 2008 ; THONE et al. 2010; SCHADY et al. 2011), chemical composition (e.g. RAU et al. 2010;
THONE et al. 2013 ; CUCCHIARA et al. 2015) and study the dust properties through the extinction curve
measured along the GRB line of sight (e.g J. GREINER et al. 2011; SCHADY et al. 2012; COVINO et al.
2013 ; JAPELJ et al. 2016 ; ZAFAR et al. 2011 ; ZAFAR et al. 2018b).

Sightlines of quasi stellar objects (QSOs) also provides information on the intervening material in the
ISM of distant galaxies, but in a different manner : instead of probing the deep star-forming regions
they rather cross the circumgalactic medium of intervening galaxies, and although these sightlines can
be revisited at any time the intervening galaxies can not be observed without the contamination of the
QSO emission unlike the GRB host galaxies at later time [SCHADY, 2017].

For a detailed review of the use of GRBs to probe the ISM of distant star-forming galaxies, I refer to
SCHADY, 2017 and references therein. In the next section, we discuss the use of GRBs to derive extinction

curves and infer dust properties.

3. Extinction curve

Dust particles interact with stellar light both through scattering and absorption. When a dust grain
scatters a photon, it changes the direction of the photon but not its energy. When a dust grain absorbs a
photon, the energy of the photon changes the internal structure of the grain, e.g. by breaking a molecular
bond, moving one electron to a more excited state or even ionise the grain. The photon is then lost to
us, but the dust grain will re-emit a photon at longer wavelength, typically in the infra-red (IR). Both
interactions reduce the number of photons we can detect from the source and are wavelength dependent,
ultra-violet (UV) photons are more likely to be absorbed or scattered by dust than optical and near
infra-red (NIR) photons leading to a reddening of the observed stellar light emission.

In the case of point-like sources, such as individual stars or GRBs, the effects of dust are termed dust
extinction and correspond to two processes :

- photons absorbed by dust

- photons scattered out of the line-of-sight by dust

For point-like sources, the amount of photons scattered into the line-of-sight to the star is negligible
meaning that dust extinction is independent of the geometry and distribution of the dust in the ISM.
Thus the dust extinction is only dependent on the dust composition and the dust size distribution.

The wavelength dependence of dust extinction is most commonly determined with the "pair method",
first used by BLESS et SAVAGE, 1970 and used in many other works since then (see VALENCIC et al.,
2004 and references therein). The method consists in the comparison of the spectra of two stars with the
same spectral type, one with high extinction (target star) and the other one with little or no extinction
(standard star). This method requires the accurate measurement of the spectral type of stars, which
can be challenging for faint objects, and the availability of data for the standard star with the same
spectral type as the target star. An alternative way of obtaining the extinction curve without referring
to a standard star is by using a numerical code to fit the observed fluxes of the target star to a grid
of synthetic SEDs with different stellar parameters (e.g. star’s effective temperature, surface gravity or
metallicity) and extinction amounts and shapes (e.g. FITZPATRICK et MASSA 2005 ; GORDON et al. 2016).

This method can be applied when the spectrum of individual stars can be obtained, which due to the
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resolution of current instrument is only the case in the Local Group so far. Using this technique, extinction
curves were obtained in four galaxies where stars can still be resolved : the Milky Way [MW ; WITT et al.,
1984 ; CARDELLI et al., 1989 ; FITZPATRICK et MAssA, 1990 ; FITZPATRICK et MAssA, 2007], the Small
Magellanic Cloud [SMC; PREVOT et al., 1984 ; GORDON et CLAYTON, 1998 ; GORDON et al., 2003], the
Large Magellanic Cloud [LMC ; CLAYTON et MARTIN, 1985 ; FITZPATRICK, 1985 ; MISSELT et al., 1999],
and M31 (BIANCHI et al. 1996 ; CLAYTON et al. 2015). The extinction curve averaged over MW, LMC and
SMC sightlines can be seen in Figure I1.4. The strongest spectral feature is a prominent bump located at
2175 A | whose strength decreases as one goes from MW to LMC to SMC. The extinction is rising from
NIR to far UV (FUV), the SMC extinction curve has the steepest FUV slope and the MW has the flattest.
These are general trends and regional variations are seen from one sightline to another in the same galaxy.
In the following, the spectral feature at 2175 A will be termed UV bump. WEINGARTNER et DRAINE,
2001 showed that the MW, LMC, SMC extinction curves could be reproduced by models consisting of
a combination of polycyclic aromatic hydrocarbons (PAHs), graphite and amorphous silicate, with only
changes in the size distribution (and relative abundance of the 3 components) from sightline to sightline.
As illustrated in the right panel of Figure I1.4, the average Galactic extinction curve is well modelled
by the three components model, the NIR and visible extinction up to ~ 4 ym~! is dominated by large
silicate and graphite grains of size > 250 A, the UV bump is well reproduced by PAHs and very small
graphite grains of size < 250 A, and the FUV rise is reproduced by very small grains of size < 250 A .
[XIANG et al., 2017]. I refer the reader to DRAINE, 2003 and references therein for a detailed review of

interstellar dust.
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Figure 1.8— Left : Mean SMC, LMC and MW extinction curves taken from PE1, 1992, only the MW and LMC
exhibit a bump at 2175A and the SMC has the steepest slope in UV. Right : Illustration of the different
components in the extinction curve in terms of grains type and size. The Galactic average extinction is
represented by the CARDELLI et al., 1989 parametrization of Ry =3.1 (black open circles) and the FITZPATRICK,
1999 formula (cyan dashed line). The red line represents the extinction curve of the silicate-graphite-PAH model
of WEINGARTNER et DRAINE, 2001, which is a combination of three components : the extinction caused by
silicate and graphite grains of radii > 250 A(green dashed line), the extinction produced by PAHs or small
graphitic grains of radii < 250 A(blue dotted line), and the extinction arising from small silicate grains of radii
< 250 A(purple dashed-dotted line). (Credit : XIANG et al. 2017)

Beyond the Local Group, GRBs offer one of the only opportunity to study the dust extinction properties
of distant star-forming galaxies due to their featureless simple power-law spectrum. The NIR-to-X-ray
spectrum is usually modelled as a single power-law or a broken power-law to take into account a possible
break in the synchrotron spectrum located between the X-ray and UV /optical/NIR domains at the

time of observation. The intrinsic spectral shape of the GRB afterglow is well constrained by the barely
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attenuated IR and X-ray wavelengths. Knowing the GRB intrinsic spectral shape, any difference with the
observed spectrum is attributed to the interaction of photons with dust particles and allows to measure
the wavelength dependence of this interaction, i.e. the extinction curve, along the GRB line-of-sight (e.g.
ZAFAR et al. 2011 ; ZAFAR et al. 2012; SCHADY et al. 2012; COVINO et al. 2013 ; JAPELJ et al. 2016;
BOLMER et al. 2018; ZAFAR et al. 2018b). An example is showed in Figure 1.9 where the observed
spectrum of GRB 120119A is fitted with a single power law modelling the intrinsic emission spectrum
from UV to X-rays (black dashed line) and an extinction curve similar to the one of the SMC. Most of
the extinction curves derived from GRB sightlines are featureless but at present a UV bump has been
spectroscopically measured in 5 GRBs such as GRB 070802 (see Figure 1.9).

§ P————————————————=, GRB 1201189A
1 125 : r : :
GRB 070802 at 2-2 45 : 1 z = 1728 T \
SF MW, R,=31 g4 120 A= 102 - ]
W ] e
LMC ¢4 |
1" i 11.5F =
4 M A =
‘i{ 1 2110
& 1 t =
=3 s "
< + : 10.5 -]
: | 2
2 d 10.0 ]
H |
I L E
1 ! |
1 1/ (um™)
L ! 9.0 L L '
" i 14 15 16 17 18
0 2 4 6 8 NIR/ UV log ¥ (Fz)
10 (pm™)

Figure 1.9— Left : Extinction curve of GRB 070802 at z=2.45 [ELIASDOTTIR et al., 2009], the first spectroscopic
detection of a UV bump in a GRB extinction curve. Right : Extinction curve of GRB 120119A [ZAFAR et al., 2018b]. The
black points correspond to optical-NIR (left side) or Swift X-ray (right side) observations. The red, green and blue colors
are for the UVB, VIS and NIR spectra obtained with VLT /X-shooter. The dashed and continuous lines represent the best
fit intrinsic emission spectrum and extinguished spectrum respectively. The middle panel represents in blue the extinction

curve derived from the GRB spectrum and the red dashed line corresponds to the SMC extinction curve, both are

normalised to the amount of extinction in V band, Ay . (Credit : ELIASDOTTIR et al. 2009 ; ZAFAR et al. 2018b)

Most of the time the GRB afterglow is detected in a few photometric broad bands and the extinction
curve is fitted using template extinction curves such as the mean MW, LMC and SMC ones. The extinction
curve is only "really" measured when spectroscopic measurements of the afterglow are available. The
common picture of GRB extinction curves is a relatively unextinguished (Ay ~ 0.3 mag) with a featureless
shape well fitted by an SMC-like extinction law. The lack of UV bump implies the absence of very small
graphitic and PAHs grains. These steep extinction curves are characteristics for a populations of small
grains, either as the result of the destruction of large dust grains by the strong GRB UV radiation
or of the young age and low metallicity environment for GRBs [ZAFAR et al., 2018b]. Only 10-15% of
GRB extinction curves are found similar to the mean MW and LMC [J. GREINER et al., 2011; ZAFAR
et al., 2011], most of them have large visual extinction (Ay 2 1 mag). The first spectroscopic detection
of a UV bump was made for GRB 070802 (see Figure 1.9) and so far only 4 others UV bumps were
spectroscopically confirmed, they are the majority of firm detection of the UV bump outside the Local
Group [SCHADY, 2017]. More detections are necessary to perform a statistical analysis of its properties,
unfortunately highly extinguished GRB afterglows that are bright enough to obtain a decent signal-to-
noise ratio spectrum are rare. To increase their detection rate, a very rapid localisation of the GRB and
its multi-wavelength follow-up are required.

GRB extinction curves can also probe the dust production history across cosmic time. For example,

ZAFAR et al., 2018c selected z 2 3 GRB extinction curves spectroscopically observed by X-shooter and
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found only low dust content above z > 3.5 while dusty GRB sightlines are found at z < 3.5, suggesting a
possible transition in the nature of dust producers. The increase of the dust content below z < 3.5 could
arise from carbon production by the first carbon-rich AGB stars and possibly from iron production by
the Type Ia SNe. The dust content being correlated with the stellar mass of the galaxy (e.g. PANNELLA
et al. 2015 ; ALVAREZ-MARQUEZ et al. 2016), the drop of high dust content above z > 3.5 could also be
explained by low stellar masses of GRB host galaxies.

One advantage of the temporal decay of the GRB afterglow is that it permits to study the host galaxy
when the afterglow has vanished, and thus to derive the attenuation curve of the host galaxy. The dust
attenuation of light by dust for a whole galaxy is different from the dust extinction along one line of sight
as it is not only dependent on the dust properties but also on the geometric distribution of dust and stars
in the galaxy (e.g. WITT et GORDON 2000). As seen on the Figure 1.10, the radiative transfer simulations
of WITT et GORDON, 2000 showed that for a given extinction curve, i.e. dust properties, the attenuation
curves resulting from different geometric distribution of dust and stars can exhibit very different shapes.
A more detailed description of dust attenuation is given in Chapter IV. Consequently, if the extinction
and attenuation curves are known for the same galaxy, one can derive dust grain properties from the
extinction curve and try to infer information about the geometry of the ISM of this galaxy from the
attenuation curve. GRBs offer the only possibility to measure both extinction and attenuation curves of
distant galaxies but it is remained unexplored so far. This aspect is investigated mainly in the Section 3
of Chapter IV.

MW extinction Attenuation
curve along one curves for
line of sight, extended
depends on objects depends
dust properties > on dust_
only properties,
dust-stars
geometry
and age effect

Figure 1.10— Extinction vs attenuation curves with the radiative transfer model of WITT et GORDON, 2000. The
black line represents a MW extinction curve, the various colored lines represent the attenuation curves resulting
from various geometric distribution of stars and dust that are described in IV.(Credit : WITT et GORDON 2000)

4. SVOM, a space/ground multi-wavelength observatory

The Space Variable Object Monitor (SVOM) is a ground and space-based multi-wavelength observatory
aiming at detecting GRBs and other transient phenomena. This mission is a collaboration between the
french and chinese space agencies (CNES and CNSA) to be launched in 2021. It is the successor of the
Neils Gehrels Swift Observatory launched by the NASA in 2004 [GEHRELS, 2004]. The scientific objectives
of the mission emphasize particularly on two categories of GRBs : faint / soft nearby GRBs to probe
the nature of the progenitors and the physics of the GRB explosion ; and high-redshift GRBs at z > 5
which constitute exceptional probes of the early Universe. SVOM aims at providing fast, reliable GRB
positions as well as to quickly identify the afterglows of detected GRBs in X-ray and visible/NIR domains,
including high-redshift GRBs at z > 5.

The SVOM satellite will be equipped with four instruments (see Figure 1.11), two wide field of view
(FoV) high-energy instruments dedicated to the detection of the GRB and observation of the prompt
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emission : a coded-mask ~-ray imager (ECLAIRS) operating in the 4-150 keV energy range with a FoV
of 2 sr, and a ~-ray spectrometer (GRM) operating in the 15-5000keV energy range with a FoV of 2 sr;
and two narrow FoV telescopes aiming at providing a fast and reliable localisation of the GRB and at
observing the afterglow : a Microchannel X-ray Telescope (MXT) operating in the 0.2-10 keV with a FoV
of 64x64 arcmin? and a 40 cm Visible-band Telescope (VT) operating from 0.4 to 1um with a FoV of
26x26 arcmin?. The SVOM ground segment includes additional instruments : a wide angle optical camera
(GWAC), composed of 36 cameras, each of them with an effective area of 18 cm for a total of FoV of
5400 square degrees, monitoring the ECLAIRs FoV in real-time aiming at the observation of the optical
prompt emission ; and two 1-m-class robotic ground follow-up telescopes (the GFTs), one based in China

and operating in the visible only and the other one based in Mexico operating in the visible/NIR.

BT |

satellite ~ 930 kg
payload ~450 kg

[] prompt observation

| | follow-up observation

; Ko e
d

Figure 1.11— View of the SVOM space-based and ground-based instruments. (Credit : WEI et al. 2016)

Most of the time, the SVOM satellite will point to a predefined direction [CORDIER et al., 2008],
waiting for a GRB. The observation strategy of a GRB is illustrated in Figure 1.12 : when ECLAIRs
detects a GRB with a localisation accuracy of ~ 26 arcmin (in diameter), the position is communicated
to the spacecraft which slews automatically in a few minutes to the GRB position in order to refine the
localisation accuracy and perform rapid follow-up observations of the GRB afterglow emission with the
narrow-FoV telescopes (MXT in X-rays and the VT in the visible). MXT and VT will have a sub-arcmin
and sub-arcsec localisation accuracy respectively. The satellite stays pointed towards the source for about
one day. The GRB position and its main characteristics determined by ECLAIRs are also quickly sent
to the ground using the SVOM VHF emitter. Refined positions of the X-ray counterpart detected by
MXT are also sent to the ground via VHF. The VHF signal is received by one of the 40 to 50 ground
stations, distributed on Earth under the satellite track. The system design ensures that 65% of the alerts
are received within 30 seconds at the Science Centers, which forward them via internet (using the GCN
and VOEvent networks) to the SVOM ground instruments (GWAC and GFTs) and to the scientific
community. The GFTs must provide first results, especially a sub-arcsec localisation, within 5 minutes
of observations. Furthermore, thanks to its NIR coverage the F-GFT, also named COLIBRI (Catching
OpticaLli and Infrared BRight translents), is expected to provide an information on the redshift after 5
minutes of observations.

The expected GRB rate is estimated to be around 60-70 per year [WEI et al., 2016], and SVOM will
operate for a minimum of 3 years. I refer the reader to WEI et al., 2016 for a more detailed description

of the instruments, observation strategy and scientific objectives of the mission.
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Figure I.12— Typical follow-up strategy of a GRB prompt emission with SVOM instruments. Upper panel
represents the instruments on-board the satellite and the bottom panel the ground facilities. When the GRB is
detected at t=0, the spacecraft starts to slew to align the narrow FoV telescopes (MXT and VT) with the GRB
position and a VHF alert is sent to the ground follow-up telescopes (F-GFT and C-GFT) which start to observe

approximately at t + 1 min and produce first results within 5 min. GWAC which is monitoring the ECLAIRs
and GRM FoV will collect data from -5 to +15 min. Before the end of the (Credit : WEI et al. 2016)

The launch of SVOM will coincide with an era of time-domain multi-wavelength observatories. For
example, the advent of the Square Kilometre Array (SKA) in radio, Large Synoptic Survey Telescope
(LSST) in optical, Cherenkov Telescope Array (CTA) and High Altitude Water Cherenkov Experiment
(HAWC) at very high energy will provide a large increase of rapidly available triggers for a wide variety of
sources. Furthermore, the presence of three gravitational waves observatories : Advanced LIGO, Advanced
Virgo and the Kamioka Gravitational Wave Detector (KAGRA) will provide localisations of 5-20 square
degrees [ABBOTT et al., 2018], that SVOM can tile quickly and efficiently. The first phase of the new
KM3NeT neutrino facility will complement IceCube and provide localisations that can be observed by
SVOM MXT and VT telescopes in a single pointing and by the SVOM ground follow-up facilities (GFTs,
GWAC) [ADRIAN-MARTINEZ et al., 2016]. In order to contribute to this new era of time-domain astronomy
scheduled for the next decade, the time allocated to the observation of targets of opportunity by SVOM
will increase from 15% of the useful time of the mission at the beginning of the mission to 40% 3 years after
the launch. The expected large number of triggers from sources of different nature provides a challenging
scientific opportunity for SVOM which will have the capability to obtain multi-wavelength follow-up

observations from its space and ground instruments.
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COLIBRI : a ground follow-up telescope for the SVOM mission

1. COLIBRI overview

Simulations are an essential part of the development process of any instrumental project. During the

project proposal and definition phases, they allow scientists to assess scientific performance of the mission
by computing limiting magnitudes, images or spectra for instance. During later stages of the mission
development, scientific simulations help to compare different instrument designs as they allow to assess
how these designs affect the performance of the telescope.
Half of my PhD was dedicated to the implementation of software to assess the performances of COLIBRI
(Catching OpticaLli and Infrared BRight translents), a future ground follow-up telescope of the SVOM
mission. COLIBRI is a collaboration between France and Mexico, it will be installed at the Observatorio
Astronémico Nacional in Mexico in 2020 which offers very good observing conditions (median seeing of 0.8
arcsec and about 85% of clear nights). This section aims at describing the requirements and optical design
of COLIBRI, and afterwards the modelling of the telescope response. In Section 1.1 are summarised the
main requirements for COLIBRI. In Section 1.2, the telescope optical design and filter transmission are
is briefly described. In Section 2.1, we describe how GRBs are modelled. In Section 2.2, we present the
Exposure Time Calculator (ETC) developed to assess the scientific performances of COLIBRI. We also
present the limiting magnitudes as well as a comparison of COLIBRI sensitivity with a dataset of already
detected GRB light curves. In Section 2.3 we present the Image Simulator (IS) developed to produce
realistic images of COLIBRI to test the reduction pipeline.

1.1. Requirements

Gamma-Ray Bursts detection takes place in space because gamma rays are stopped by Earth’s atmos-
phere. This task is devoted to the ECLAIRs telescope, in the X-/y-ray energy range with a very large
field of view, whose detection rate is estimated to be about 60-70 per year, with approximately 20% of
very distant events with redshift greater than 6. An estimate of the event’s position in the sky is then
transmitted in ~ 30 seconds to ground telescope for follow-up observations, transiting through a VHF
alert network. COLIBRI is one of the two 1-m class telescopes included in the SVOM system. The other
ground follow-up telescope will be based in China.

Their functions are summarized as follows :

- providing localisation and multi-wavelength GRB observations less than 5 minutes after the VHF alert
reception. This is complementary to the slower on-board procedure as seen in Figure 1.12, based on the
chain : ECLAIRs => MXT (Microchannel X-ray telescope) => VT (Visible Telescope), which requires
a repositioning of the spacecraft. It is also crucial for GRBs that cannot be observed quickly due to
spacecraft constrains (estimated to about 20% of SVOM GRBs).

- providing an identification of low signal-to-noise triggers provided by ECLAIRs, for which the spacecraft
slew is not requested. These triggers can be due to GRBs that are for example highly extinguished or
located at very high redshift and have potentially a very strong scientific impact.

- localising and observing dark GRBs, i.e. events detected in gamma, x-ray domains, but not in the visible
domain.

- providing an indication of the GRB redshift if possible, 5 minutes after the beginning of observations in
order to trigger further observations with the SVOM satellite and the ground largest facilities (e.g. Nordic

Optical Telescope, Very Large Telescope, ALMA, etc). A rapid and accurate localisation is essential for
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a spectroscopic follow-up with the largest facilities.

The field of view is 26 arcminutes, corresponding to the typical ECLAIRs localisation uncertainty. In
order to be able to observe the vast majority of the GRBs observed so far, the sensitivity must be able
to observe targets with limiting magnitudes up to R = 19.2 and J = 18 for an exposure of 30s and R
= 22 and J = 20 (AB system) for an exposure of 300s with SNR (Signal-to-Noise Ratio) = 10. This
requirement imposes a diameter of at least 1 meter for the telescope.

The SVOM alert network has an intrinsic delay : about 65% of the alerts will arrive 30 seconds after the
trigger [WEI et al., 2016], and so to allow COLIBRI to observe the optical prompt emission a requirement
has been set to start observations within the 30 seconds following the alert reception. This will permit to
study the optical prompt emission, the transition between the prompt and the afterglow emissions, the
detection and characterization of the reverse shock with a temporal resolution of few to several seconds.
One should keep in mind that GRB afterglows decay very quickly, typically like t = with a ~1. Because
of this intrinsic property, a longer exposure time cannot compensate for a late arrival as the gain in
sensitivity is compensated by the reduction of the GRB brightness.

The main scientific requirements are summarised in Table II.1.

Table II.1— Summary of main scientific requirements

Observatory availability (without 90%

considering weather conditions)

Field of View 26’ in visible, 21.7” in NIR

Delay for pointing < 30 seconds (goal : 20s)

Precision of localisation < 0.5"

Spectral coverage 400-1800 nm

Limiting magnitude R=22, J=20 (300s, AB mag)
R=19.2, J=18 (30s, AB mag)

Real-time data processing < 5 minutes

(localisation and redshift estimation)

1.2. Optical design

COLIBRI has a primary mirror diameter of 1.3 meter and a secondary mirror diameter of 0.58 meter.
The telescope will have 2 or 3 (goal) simultaneous channels : 1 (or 2) in the visible and 1 in the NIR
domain. In the following we will only consider the goal optical design with 3 channels. The visible chan-
nels are equipped with DDRAGO-B and DDRAGO-R and the NIR channel with CAGIRE instruments.
An overview of the telescope design is seen in Figure II.1. The main characteristics of the telescope ins-
truments are summarised in Table 11.2. CAGIRE will be equipped with the first sensor of a new serie
developed for scientists by the SOFRADIR, company with characteristics announced to be similar to the
Teledyne sensors.

The global transmission curves for each filter band of COLIBRI is presented in Figure I1.2.
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Table I1.2— Main characteristics of COLIBRI instruments.

DDRAGO (B and R) CAGIRE
Sensor e2v SOFRADIR
Wavelength coverage 400-1000 nm 1000-1800 nm
Number of pixels 4096x4096 2048x2048
Pixel size 15 um 15 ym
Well capacity 350000 e~ 80000 e~
Readout noise 8e” <20 e”
Operating temperature 170 K 100 K

Associated Dark current
Sky resolution

Field of View

<0.001 e~ /pixz/s
0.38 arcsec/pix

26 arcmin

~0.003 e~ /piz/s
0.63 arcsec/pix

21.7 arcmin

Global throughput (%)
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Figure II.1— The COLIBRI telescope and
DDRAGO interim instrument.

Figure II.2— Global transmission curves for the different filter bands of COLIBRI, including all optical elements and

their coatings, and the detector quantum efficiency.

2. Modelling scientific performances of COLIBRI

In Section 2.1, we first describe how we model the object source, i.e. GRB light curve. In Section 2.2,

we briefly describe the ETC we have developed to assess the scientific performance for a given optical

design. In Section 2.3, we briefly describe the image simulator developed to provide realistic raw images

of COLIBRI.

2.1. Modelling GRB afterglow SEDs

We start by describing how we modelled multi-wavelength GRB light curves. First we need to compute

the intrinsic emission spectrum of the GRB, then we need to take into account the dust extinction in the

host galaxy, the transmission in the IGM, and the Galactic dust extinction.
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2.1.1. GRB emission

GRB afterglows are well described by synchrotron emission from accelerated electrons in a relativistic
blast wave interacting with an external medium [SARI et al., 1998 ; GRANOT et SARI, 2002]. The observed
synchrotron spectrum is composed of series of power-law segments joined at certain break frequencies
(see SARI et al. 1998; GRANOT et SARI 2002). The NIR-to-X-ray spectrum is then usually modelled
as a single power-law or a broken power-law to take into account a possible break in the synchrotron
spectrum, most likely the cooling break, located between the X-ray and UV /optical /NIR.

For our simulations we have implemented two models, one empirical model assuming a single power law
both in time and frequency and one theoretical based on the prescriptions of the standard synchrotron

model of GRANOT et SARI, 2002.

2.1.1.a. Empirical model

For the purpose of our analysis, we first implemented a simple empirical model which simulates GRB

afterglows with a power law in time and frequency as :

F,(\B) = Fox <%O>ﬁ < (

t
—) (I1.1)
to

where Fj is the normalisation factor at \g and ty, A is the wavelength and ¢ the time since the trigger.

Typical values are 8 ~ 0.7 and o ~ 1 [KANN, 2010].

2.1.1.b. Standard synchrotron model

We have also used a theoretical model based on the standard synchrotron model following the pres-
criptions of GRANOT et SARI, 2002. The model used in this thesis, has been implemented by Alain Klotz
and Damien Turpin at IRAP, and has been only translated into Python in this thesis and is now an open
source package 1. T refer the reader to GRANOT et SARI, 2002 ; TURPIN, 2016 for a complete description
of the model.

The GRANOT et SARI, 2002 model assumes that afterglows are well described by synchrotron emission
from accelerated electrons in a relativistic blast wave interacting with an external medium. These electrons
then cool both adiabatically and by emitting synchrotron and inverse Compton radiation. The resulting
spectra is composed of several power-laws connected at three break frequencies : the self-absorption fre-
quency, Vsq, Vm, the typical synchrotron frequency of the minimal electron in the power law, and v, , the
synchrotron frequency of an electron whose cooling time equals the dynamical time of the system. For
Ve < Vp, there is an additional break, vq4., due to the non-cooled electrons [GRANOT et al., 2000]. From
the different possible ordering of the break frequencies, GRANOT et SARI, 2002 showed that the GRB
afterglow can be described by five possible spectral regimes (see Figure I1.3).

Here we briefly summarise the main assumptions of this model :

- Hydrodynamics is described by the BLANDFORD et MCKEE, 1976 self-similar solution. This solution
describes a spherical relativistic blast wave expanding into a cold medium whose density is described by
a power law with radius p(r)=Ar—* k=0 corresponding to an interstellar medium of constant density
and k=2 corresponding to a massive star progenitor surrounded by its pre-ejecta wind.

- The magnetic field gets a fixed fraction, eg , of the internal energy everywhere behind the shock.

- Electrons are assumed to acquire a power-law distribution of energies immediately behind the shock.

The electrons get a fixed fraction, €., of the internal energy everywhere behind the shock.

[1]. https://github.com/dcorre/py GRBaglow
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- Jet break due to lateral expansion is not considered.

- Only the forward shock is considered, (no reverse shock, nor flares, nor energy injection are considered).
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Figure I1.3— Different possible broadband synchrotron spectra from the model of GRANOT et SARI, 2002,
depending on the oredering of the break frequencies : spectra 1 and 2 correspond to slow cooling regime with v,
< ve. Spectra 4 and 5 correspond to the fast cooling regime with v, > v.. Spectrum 3 corresponds to vsq > Vp,
ve. The temporal dependence of the break frequencies are given by the arrows. (Credit : GRANOT et SARI 2002)

This model is governed by 7 parameters describing the afterglow spectrum :
- z : GRB redshift - Es : total energy in the shell (in 10°2ergs).
- p : index of the electron power-law distribution.
- ep : fraction of shock energy converted to the magnetic fields energy.
- €. : fraction of shock energy used to accelerate the electrons.
- ng : particle density in the ambient medium (cm=3).
- Y : Inverse Compton parameter, to take into account the Inverse Compton effects on the cooling of
electrons. We set it to zero for all GRBs.
For the circumburst environment, we only simulate GRBs with a constant density profile, p = ng, as very
often it is the one returning the best fit to the data.

2.1.2. Extinction processes
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2.1.2.a. Host galaxy dust reddening

The photons emitted by the GRB interact with dust particles along the GRB line of sigth. These
photons can be absorbed or scattered out of the GRB line of sight, meaning that they are lost to us
resulting in an attenuation of the emitted flux. This process occurs more efficiently at shorter wavelength
leading to a reddening of the light, i.e. blue light is more attenuated than the red light. The wavelengths
affected are primarily from the ultra-violet to the NIR. The wavelength dependence of the dust extinction
is called extinction curve and denoted Aj.

There are two methods to model Ay. The first method consists in scaling the well defined extinction curves
derived for the LMC, SMC, or MW to the GRB afterglow spectrum using Ay, the amount of extinction
in the V band, as the scaling factor. The mean local extinction curves of PEI, 1992, normalised to the
amount of extinction in the V band, Ay, are seen in Figure IV.23. This method has the advantage of
introducing only one free parameter, Ay, to the SED fitting, but assumes that the wavelength dependence
of dust extinction at high redshift is the same as the mean extinction in our local environment.

The second method uses more flexible formula to assess directly the wavelength dependence of dust
extinction from the GRB spectrum. Usually this is performed using the prescriptions of FITZPATRICK et
Massa, 1990 ; FiTzPATRICK et MASSA, 2007. This parametrisation offers more freedom to fit the actual
shape of the extinction curve. However it has nine free parameters which leads to degeneracies between
the parameters in the fitting process unless one has a finely-sampled SED. Consequently, this method is
mainly used with spectroscopic measurements.

As COLIBRI does not have yet a spectrograph, we model the dust extinction in the host galaxy using
the mean SMC, LMC and MW extinction curves of PEI, 1992. The MW extinction curve is characterised
by a prominent UV bump at 2175 A and a flat UV slope. The SMC extinction curve is featureless and
has a steep UV slope. The LMC extinction curve also exhibits a UV bump but weaker than the MW and
a UV slope intermediate between the MW and SMC ones.

The GRB spectrum attenuated by the dust in the host galaxy is given by :

F(\t) = F"(\t) X exp [—Tdust host(A/(1 + z), A}(,O‘“)]

Tdust host + z 4 108t ost ‘1>\/(1+z) (11.2)
w S (A/( ))7 (/( ) —“.92 N Ah‘, L E—

with F¢™ (A, t) the intrinsic emission spectrum of the GRB (either modelled by the empiric or synchrotron

Ax/a
model), and A}(/"St the amount of visual extinction in the host galaxy, % the adopted extinction
1%
curve, and z the redshift of the GRB.
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Figure I1.4— Mean SMC, LMC and MW extinction curves of PEIL, 1992 used in our analysis.
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2.1.2.b. IGM transmission

Along the line of sight between the GRB and the observer, the photons emitted by the GRB interact
with the gas in the intergalactic medium (IGM) mainly composed of hydrogen and helium. We model
this attenuation with the prescriptions of MEIKSIN, 2006. The attenuation due to the intervening hydro-
gen in the IGM arises from two principal mechanisms : resonant scattering by Lyman transitions and
photoelectric absorption. The blanketing by Lyman-series lines leads to an IGM transmission exhibiting
a "staircase" shape (see Figure IL.5) and the major contribution is due to Lyman-o at 1215 x(1 + z) A.
The contribution due to photoelectric absorption is split into two parts, the contribution from systems
optically thin at the Lyman edge and the contribution from Lyman Limit Systems. MADAU, 1995 showed

that the contributions of metals and He; are negligible, and that He;; contributes only at wavelengths

< 228 (1 + z) A for a source at redshift z.
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Figure II.5— IGM transmission for sources located at a redshift 2, 5 and 8 following MADAU, 1995 (dashed
lines) and MEIKSIN, 2006 (thick lines) prescriptions.

After the correction for the IGM transmission, the GRB spectrum is given by :

Fo(\t) = F"(\t) X exp [—Tdust nost /(1 + z), Apest) — T]GM(Z)]
A (I1.3)
Tdust host()\/(l + Z)a A’\l/OSt) =0.92 - A}XL/OSt ’ AOte)
Ay
with 77¢ s (2) the optical depth of the IGM following the prescriptions of MEIKSIN, 2006 and z the redshift

of the GRB.

2.1.2.c. Galactic dust reddening

To model the galactic dust reddening, we use the mean extinction curve of the MW from PEIL, 1992. In

a similar way as for the extinction in the host galaxy we compute the GRB spectrum reaching the Earth

as :
F”‘tt(}\’ t) - Fem(Aa t) X exp |:7Tdust host()\/(l + Z), A}\;OSt) - T]GM(Z) — Tdust gal(>\7 Aé\]/al)}
host host . /(1+2)
Taust host (M (L 2), A1) = 0.92 - At - D
MW
Tdust gal(A, A%al) =0.92 - Ag/al A
Ay

(I1.4)
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with Af,al the Galactic extinction in the V band and the MW mean extinction curve of PEI, 1992.

|4
2.2. Exzposure Time Calculator

The use of an Exposure Time Calculators (ETC) is a common practice in astronomy. Many obser-
vatories propose an ETC to observers to plan their observing plans as it allows them to estimate the
exposure time required to reach the desired SNR for a given target or to estimate the SNR for a given
target and exposure time. In the context of concept and design studies of new telescopes, an ETC is
used to assess the scientific performances of a given optical design in order to check whether it meets the
scientific requirements and to compare performances of different optical designs.

Usually, ETCs are specific to one instrument, however with the search for optical counterpart of cosmic
events, astronomy is entering an era of complex follow-up strategy involving several facilities. Conse-
quently, we have developed an ETC that can be used for different optical/NIR telescopes in order to be
able to simulate an observation strategy involving several facilities. The characteristics of the telescope
and the instrument are an input of the ETC in a hjson format. It takes into account the observation
site characteristics (atmospheric transmission, seeing and sky background), the telescope characteristics
(aperture, focal length, wavelength dependent transmission of each optical element, etc) and detector
characteristics (quantum efficiency, dark current, readout noise, gain). The ETC allows to compare the
scientific performance of designs with different number and kind of optical elements, coatings and detector
characteristics. The ETC estimates the number of electrons produced by the different physical processes
at stake (source signal, dark current, sky background, etc). An illustration of the output the ETC is seen
on Figure I1.6. This ETC is an open source Python package 2.

The limiting magnitudes in the different bands for a total exposure time of 30 seconds, 5 minutes and 1
hour are reported in Table II.3.

The sensitivity of COLIBRI is compared to a dataset of detected GRB light curves in Figure I1.7. More
than ~95% of the GRBs dataset would have been detected by COLIBRI. As about ~23% of the SVOM
alerts will be immediately observable we performed the same analysis 12 hours after the trigger, and
despite this long delay and decrease in the GRB brightness, COLIBRI has still sufficient sensitivity to
allow the detection of ~80% of the GRBs dataset in the NIR domain thanks to its 5o limiting magnitude
of 20.51 for a total exposure of 5min (10x30s) in the J band.

[2]. https://github.com/dcorre/pyETC
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Figure I1.6— Example of ETC’s outputs for the spectrum of HIP86443 for an exposure of 5 seconds in z band. Top :
HIP86443 spectrum and COLIBRI’s throughput. Bottom : extract of the results summarising the electrons generated and
the reached SNR.
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Figure II.7— Top : GRB light curves observed in the R band. Bottom : GRB light curves in the J band. Left : Light
curves during the first hour after the trigger. Right : Light curves between 11.8 and 13 hours after the trigger. Red lines
are the observed light curves, the green shaded area represents the sensitivity of COLIBRI. The observations consist in

stack of 30s individual exposure with SNR=5, an airmass of 1.5 and 7 days after the new moon. The vertical black dashed
lines correspond to 5, 10 and 30 minutes after the beginning of the observations.
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and 1 hour are stacks of 30s individual exposure.

Table II.3— Limiting AB magnitudes for different exposure time and SNR=5 with a seeing at zenith of 0.8", an airmass
of 1.5. Dark stands for a sky brightness at the new moon and bright at full moon. The total exposure time of 5 minutes

30s 10min 1h
band (20x30s) (120x30s)
dark  bright | dark bright | dark bright
g 21.76  20.81 | 23.44 22.46 | 24.42 23.43
T 21.54  20.94 | 23.22 22.60 | 24.20 23.57
i 20.98 20.50 | 22.65 22.15 | 23.62 23.13
z 20.21  19.94 | 21.87 21.59 | 22.85 22.57
y 19.19 19.15 | 20.85 20.81 | 21.83 21.79
J 19.53 21.18 22.15
H 18.79 20.42 21.39
gri | 22.12  21.36 | 23.77 23.00 | 24.75 23.98
zy 20.25 20.06 | 21.90 21.71 | 22.88 22.68
B 21.39  20.47 | 23.07 22.12 | 24.05 23.10
261
o 241 /
522 R=22.0
gzo j=200 ' /
218 R=197 T~
Jj=18
16 A
14 1 | | 305. 5miq
10! 100 10! 102 103

Exposure time (s)

Figure I1.8— 50 limiting magnitudes of COLIBRI in the R and J bands. The requirement for a 30s and 300s
exposure are represented by the dotted and dashed line respectively.

As seen from Figure I1.8, the final optical design of COLIBRI leads to limiting magnitudes above the
scientific requirements of R=19.2 and J=18 mag (AB) for a single exposure of 30s and R=22 and J=20
mag (AB) for a single exposure of 300s. Moreover, from Figure I1.7, we see that the sensitivity of COLIBRI
is about 2.5 magnitude deeper in R band at early times, ~ 1 min after the trigger, and about 4-5 mag
deeper in J band at early times. As very few GRB afterglows have been detected so far in NIR in the first
minutes after the trigger, COLIBRI will extend the wavelength coverage from optical to NIR in the early
times, which can be useful to study the transition from the prompt emission to the afterglow emission.
These performances confirm that COLIBRI is designed to detect faint GRB afterglows, potentially at
high-redshift and / or highly extinguished.

2.3. Image Simulator

An image simulator (IS) allows to compute realistic raw images in order to feed and test the detec-
tion/reduction pipeline. Stars and galaxies are simulated by convolving either point sources or galaxy
model with the Point Spread Function (PSF). PSFs are either generated with Zemax for the adopted
optical design or standard PSF profiles (Airy, Moffat, Gaussian), the seeing is modelled by a Moffat

function. Realistic field views can be simulated by querying different astronomical catalogs such as Pan-
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STARRS, 2MASS, NOMAD-1, etc. Different features such as pixel dependent gain, vignetting, cosmic
rays can be taken into account by loading maps in fits format. The ability to reproduce observed images
is an essential step in the validation of the image simulator. An example can be seen on Figure I1.9, where
we reproduce with our IS a real image of GRB170202a taken by Zadko Australia telescope. This image

simulator is an open source Python package [?l.

Figure I1.9— Left : Image of GRB170202A taken with Zadko Australia telescope for an exposure of 30 seconds in a clear
filter band. Field of view centered at RA, DEC = 152.518, 4.998 degrees (J2000). Right : Simulated image with Zadko
telescope characteristics and observation site characteristics (sky background, seeing, atmosphere transmission), stars are
simulated using the NOMAD-1 catalog.

2.3.1. Realistic case of GRB0OS0607 : ability of COLIBRI to detect highly extinghished
GRBs

An objective of COLIBRI end-to-end simulations is to use real GRB light curves and to study whether
COLIBRI would have detected the GRB at a given time and to simulate the corresponding raw images
in the desired bands. COLIBRI with its fast response time, good sensitivity and NIR spectral coverage
is designed to detect dusty high redshift GRBs. We present here the case of GRB080607, a highly extin-
guished GRB (Ay=2.33 mag [ZAFAR et al., 2011]) at redshift 3.03. This kind of GRBs are among the
most interesting ones to study the dust properties in the host galaxy, but only a few of them have been
detected so far (see Chapter IV). This specific GRB is very interesting because a very early follow-up
(less than 30s after the trigger in optical and less than 100s in the NIR) has been performed and thus a
very well time sampling multi-wavelength light curve is available.

The multi-wavelength light curve of GRB080607 is seen on Figure I1.10. Data are taken from a GRB
database under construction, which compiled all GRB observations (Turpin, Klotz, Cordier, Gendre (in
prep.)). Each band is interpolated using a spline interpolation. We define 4 periods at which observations
start 100 seconds, 10 minutes, 30 minutes and 1 hour after the trigger. At a given time we fit the Spectral
Energy Distribution (SED) with a power law, the same extinction law as in ZAFAR et al., 2011 and taking
into account the transmission of the Inter Galactic Medium (IGM) using the prescriptions of MEIKSIN,
2006 :

F,(\ 2, Ay, B,t0) = Fy(to) x (Aio)ﬁ@o) x 10794 x exp [—Tram (2))] (IL.5)
where Fy and )y are the flux and effective wavelength of the H band at a given time, ty. 3 is the spectral
slope, A the extinction curve and 77¢ps(2) the transmission of the IGM for a source located at redshift

Z.

[3]. https://github.com/dcorre/ImSimpy
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The SED is fitted at several times between the beginning and end of the observations : ¢y and ¢y + teqp,
with teyp the exposure time. This allows to integrate the flux both in time and wavelength in order to
simulate what would have seen COLIBRI at a given time, for a given exposure time and in a given filter
band. The results are reported in Figure II.11. In the left panel all observations are performed with a
single exposure of 30s, corresponding to the first image COLIBRI would have taken if observations start
at 100s, 10min, 30min or 1h after the trigger. We see that the GRB is clearly detected up to 30 minutes
after the trigger, whereas at 1 hour after the trigger it is only weakly detected in J and H bands. The
right panel corresponds to the case where the GRB is detected at 100s after the trigger and later on the
exposure time is adjusted : 2 exposures of 30s at 10min, 10 exposures of 30s at 30min and 20 exposures
of 30s at 1h after the trigger. The GRB is clearly detected at all times in each band. These simulation
results confirm the potential of COLIBRI to detect dusty GRBs even at high redshift.

GRB 080607
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Figure I1.10— Multi-wavelength light curve of GRB080607. Dots represent real observations and the solid line is a
spline interpolation for each filter band. The black dashed line represent the time at which we extract the SED, from left
to right : 100 seconds, 10 minutes, 30 minutes and 1 hour.

Single exposure of 30s Stack of 30s exposures

| 100s.

i Gt et
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Figure I1.11— From top to bottom : images of GRB080607 seen in each filter band of COLIBRI (g,r,i,z,J,H) starting at
100 seconds, 10 minutes, 30 minutes and 1 hour after the GRB trigger. Left : each image is a single exposure of 30
seconds. Right : Exposure time is adapted to the time at which the observations start : 30s exposure time at 100s, stack of
2x30s at 10min, stack of 10x30s at 30min and stack of 20x30s at 1h.
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3. Conclusions

In order to estimate the scientific performances of COLIBRI, we have developed an ETC to estimate
COLIBRI and an image simulator to provide realistic raw images. A code to model GRB light curves
representative of what COLIBRI will observe is also available. All these codes are open sources and avai-
lable to the community.

The ETC was used during the development of the optical design to check whether a given design was
fulfilling the scientific requirements in terms of limiting magnitudes and to compare the scientific perfor-
mances of two different designs. The image simulator is still in development and is currently modified
to reproduce realistic images from the CAGIRE detector using a Teledyne detector. In the future, the
ETC will be used on the COLIBRI website to allow astronomer to plan their observations and the image
simulator will be used to provide raw images to feed the reduction pipeline. The ETC and image simulator
are not specific to COLIBRI and so they can be used for any optical/NIR telescopes. This flexibility can
be useful in the current and future era of time-domain astronomy where the research of optical counter-
part of gravitational waves or fast radio bursts for instance requires a sophisticated observation strategy

involving different telescopes.

— Page 52 -



End-to-end simulations for COLIBRI

One of the scientific requirement of COLIBRI is to provide a photometric redshift during the first
minutes of observations of the GRBs by the SVOM mission, so in this Chapter we present an end-to-end
simulation aiming at estimating the accuracy of the photometric redshift delivered by COLIBRI.

In Section 1 we describe the photometric redshift algorithm and its validation on observed optical GRB
afterglows. In Section 2 we estimate the photometric redshift accuracy for COLIBRI based on different
mock samples of GRBs.

1. Photometric redshift code
1.1. Method

The SED fitting procedure to obtain photometric redshifts is based on the fit of the overall shape of the
spectra and on the detection of the strong spectral properties. Here only two prominent signatures can hint
information about the redshift : the Lyman break at 912 x (142)Aand the Lyman-a at 1216 x (1+2)A. The
standard method is based on a standard y? minimisation as used by SED-fitting codes such as Lephare or
hyperz which compare the observed photometric SED to those obtained from a set of reference spectra.
We decided to use a MCMC method of a standard x? minimisation over a grid of parameters because of
the better handling of local minima and it also offers more flexibility with the possible use of priors. To
fully characterize the likelihood function over a broad range of parameter space and to obtain a Bayesian
estimate for the posterior density function of the free parameters (leading to estimates for uncertainties in
and correlations between the derived parameters), we carry out a Markov Chain Monte Carlo (MCMC)
analysis using the Python-based code emcee (FOREMAN-MACKEY et al., 2013). By implementing an
affine-invariant MCMC ensemble sampler, emcee works well for both highly-anisotropic distributions,

and distributions with localized regions of high likelihood (GOODMAN et WEARE, 2010).

1.1.1. Compute the likelihood

To determine the best fit model we compute the likelihood function using a Gaussian error model.
The likelihood function needs to account for both detections and non-detections, this is given by (e.g
[LAWLESS, 2002 ; LASKAR et al., 2014]) :

L=]]p(e:) Fle)' ™ (I11.1)

where €; = Mobs;i — Mmodel,i; is the residuals, with meps; and Mpoder,; the observed and computed
magnitudes in a given filter 4. §; is a 0/1 variable indicating whether an observation is a detection (1)
or an upper limit (0), p(e;) is the probability density function (PDF) of the residuals and F'(e;) the
survival function also known as the complementary cumulative distribution function of the residuals. By
definition F'(z) represents the probability of exceeding x, so here F(e;) represents the probability that
Mumodel,i €Xceeds Mops, ;-

For a Gaussian model error the PDF is given by :

1
ple;) = - em€i/20] (111.2)
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where o; are the measurement uncertainties.

The survival function is defined as :

Fle)=1-05 (1 terf (\/e%)) (I11.3)

where er f(x) is the error function.

In the code we compute the log-likelihood as :

InL =5 <—0.5§§2> +1n <21m> +(1-6) - In <1 —0.5 - <1 terf (\/;U») (I11.4)

where ¢ runs over the filters used and o; is the uncertainty on the measured magnitude in the ¢ band.

1.1.2. Compute the model magnitude

We assume that the continuum spectrum of a GRB afterglow in the optical/NIR is well described as

a single power law :
A

FO) = Fox (5

)? (I1L.5)

where Fj is the normalisation in uJy at Ag.

Fp is taken to be the flux in the filter band at the largest wavelength. Typically the H band for COLIBRI
and sometimes Ks for some GRB afterglows observed by other telescopes. The reason is that the amount
of the extinction in the host galaxy is lower in the NIR in comparison to the optical, thus the normalisation
depends less of the dust extinction. \g is the effective wavelength of the chosen band.

This spectrum has to be corrected from transmission of several processes such as dust reddening in the
host galaxy and the IGM transmission. The observed magnitudes are assumed to be corrected for Galactic
extinction before using the photometric redshift code. These processes are taken into account by adding

corresponding optical depths, the final afterglow flux is then defined as :
A8
F,(\ z,Av,B) = norm - Fy x (A—O) X exp [—Taust (2, Av) — Tram (2))] (111.6)

where Tgyst(z, A(‘,"St) and 77aa(z) are respectively the optical depth corresponding to the dust extinction
in the host galaxy and the IGM transmission as defined in I1.2.1.2.

Our model has thus 4 parameters : the redshift of the GRB z, the dust extinction Ay in the V band, the
spectral index 8 and a norm parameter used to adjust the scale of the flux.

The AB magnitude is computed by integrating the flux over the passband :

JF,(\ 2z Av.B) - Ty - A*C”) (ITL.7)

magy, = —2.5  logio ( [3631 - 106 - Ty - A~Ld\

where T is the system throughput curve.

A GRB afterglow is simulated at different redshifts in Figure I11.1 to illustrate the use of the spectral

signature of Lyman-« as an indicator of the redshift the source.
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Figure II1.1—- GRB afterglow simulated with Equation II1.6 at z=1, 3, 5 and 8 for Fo=1 mlJy, 8 = 0.8,
Xo=6400A and a LMC extinction curve with Ay =0.5mag. The global transmission curves of COLIBRI filters
are represented with an arbitrary scales to illustrate which filters are affected by the IGM transmission at a
given redshift.

1.1.3. The Posterior Probability Function

In Bayesian inference the posterior probability p(f|x), where 6 are the parameters of the models and

the measurements, is defined as :

p(z]0) - p(6)

(0l = S

(I11.8)

where :

- p(z]0) is the likelihood, meaning how likely are the observed data given a set of parameters.

- p(0) is the prior, the probability function on the model parameters. It is basically what we know of the
parameters 6 before "seeing" any data.

- p(z) is the evidence, i.e. the evidence that the data were generated by this model.

The evidence is set equal to 1 so the posterior density function becomes : p(f|z) = p(z|6) - p(f)

As we took the log-likelihood the log-posterior is the sum of the log-likelihood and the log-priors :
logp(0]z) = logp(x|0) + logp(0).

The log-likelihood, logp(x|@), is defined above, and as we are using flat priors, meaning an equal proba-
bility over the defined range, log(p(f)) = 0. Consequently, the posterior probability function is equal to
the likelihood.

1.1.4. Set up the MCMC

The initial values for the 4 parameters for each chain are drawn randomly in the prior intervals. So far
only flat prior are used for the four parameters to fit, with the following intervals, chosen to account for
low and high redshift, low and high visual extinction and representative of observed spectral slopes :

- redshift : 0 < z < 11

- Host galaxy extinction : 0 < Av < 4
- spectral slope : 0 < 3 < 2

- Normalisation factor : 0 < norm < 5

There are 2 possibilities to run the MCMC : a single run with possible multiple solutions, and a two-step
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run aiming at avoiding secondary solutions. The two-step option first runs the MCMC for a given number
of steps and then initialises the second run with the best fit values of the first run.

In the following, when we are dealing with hundreds of GRBs we use the two-step option in order to
avoid secondary solutions and chain stocked outside the range defined by the priors. This allows to com-
pute automatically the Bayesian estimation of the parameters for the main region of high likelihood
only. The algorithm is first run for 300 steps, then the "production” run with 1000 steps is initialised
with parameters values centered around the values with the highest likelihood in the first run, with a
deviation of 10~2. For the production run, we consider that the burn-in phase takes place during the
first 300 steps. The statistics are performed on the remaining 700 steps (see Figure II1.3). This confi-

guration has been found to be a nice compromise between computational time and accuracy of the results.

1.1.5. The posterior distribution statistics

The posterior distribution frequently exhibits non Gaussian shapes, the uncertainties are then compu-
ted using the median of the distribution and the appropriate quantiles to compute either the 68%, 95%
or 99.7% credible intervals around the median. The uncertainties are computed using 68%, 95% or 99.7%
of points around the median value. The best fit values are also returned and plotted with the median
values. Due to the specificity of the ensemble sampler, where the chains are not independent, GOODMAN
et WEARE, 2010; FOREMAN-MACKEY et al., 2013 advised not to use standard convergence diagnostics
to check whether a chain has converged but to use instead the integrated correlation time. However, most
of the time a visual inspection of the evolution of the chains is sufficient to check whether chains have

converged.

1.2. Validation test with observed GRB afterglows

In order to test the robustness of the algorithm, we need afterglows with and without detection(s),
with high extinction, and GRB SEDs with one or two bands obviously off the trend. In total we selected
19 GRB afterglows with a spectroscopic redshift ranging from 0.34 to 8.26.The GRBs are mainly taken
from the database of J. GREINER, database. The photometric data were obtained either by GROND
or RATIR, and for GRB 050904 the photometry is a combination of several telescopes. The data can
be seen in Appendix in Tables A.1 to A.3. All the magnitudes are expressed in the AB system and are
not corrected for the Galactic reddening foreground. We used the dust map of SCHLEGEL et al., 1998 to
correct them before performing the MCMC analysis.

An example of best fit SED is shown in Figure III.2. The other SEDs are shown in the Appendix in
Figures A.4 to A.6.
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Figure II1.2— Best fitted SED template for GRBs 050904 and 130215A in the left and right panel respectively.
The photometric data are from different telescopes for GRB 050904 and only from RATIR telescope for GRB
130215A. The colored points represent the measurements, the blue dashed line the fit using the median values of
z, Ay ,B,norm a posteriori distributions. The green line represents the best fit values.
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Figure II1.3— Example of the outputs of the algorithm for GRB 050904 having a spectroscopic redshift of
z = 6.29. Left : The evolution steps of each walker, i.e chain, for each parameter. The vertical red dashed line
represents the burn-in phase, statistics are performed using only data on the right side of the red line. Right :
one and two dimensional projections of the posterior probability distributions for all parameters. The vertical
and horizontal blue lines represent the true value of the parameters.
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Figure II1.4— Same as Figure I11.3 but for GRB 130215A having a spectroscopic redshift of z = 0.597 and
measured Ay =0.21 mag.

An example of a good redshift estimation is seen in Figure II1.3 where the probability distribution
function (PDF) is well peaked around the spectroscopic redshift. When there is no spectral signature
in the GRB SED, like for GRB 130215A at 24,e.=0.597 (see right panel of Figure III.2), the redshift is
poorly constrained as seen by the broad and flat PDF of the redshift in Figure II1.4 and only an upper
limit can delivered by the code, as expected.

In addition to the redshift estimation, the code also estimates the visual extinction along the GRB
sightline and the intrinsic spectral slope of the GRB afterglow as well as the correlation between these
parameters. If the spectral slope has been estimated with X-ray observations, its estimation can be use

as a prior to the redshift estimation.

The comparison of our photometric redshift estimates with the spectroscopic redshifts are reported in
Figure II1.5 and summarised in Table I1I.1. To quantify the quality of the agreement with the spectro-
scopic redshift we introduce two indicators : Az = Zppot — Zspec and Nz = Az/(1 + Zspec)-

- The mean and standard deviation of Az is -0.006 and 0.22 at z > 3 indicating no bias and a photometric
redshift accuracy of ~ 0.2.

- The mean and standard deviation of 1z is -0.003 and 0.034 at z > 3, meaning that there is no bias and
a relative accuracy of 3%.

The agreement is then very good with spectroscopic measurements for z > 3. For z < 3, Lyman-«
transition does not enter the optical filter band and as we do not have UV observations it results in
larger uncertainties but the algorithm is able to give an upper limit for the redshift. More generally, this
validation test showed that the non detection are well treated and that usually an SMC extinction law
is able to reproduce the observed GRB SED (when using different extinction laws, the best fit returning
the best x? is picked).

We conclude that the algorithm is validated and sufficiently robust to be used by COLIBRI to estimate
the photometric redshift within the first minutes of observations. The estimation of the photometric red-
shift accuracy delivered by COLIBRI is addressed in the next section. This photometric redshift code is

publicly available as an open source Python package ).

[1]. https://github.com/dcorre/pyGRBz
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Figure II1.5— Estimation of the photometric redshift and
its 1o uncertainty as a function of the spectroscopic redshift
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2. Estimation of the photo-z accuracy on GRB mock samples

To study whether COLIBRI can meet the requirement of delivering a photometric redshift after 5
minutes of observations, we first built a sample of GRB using an empirical model based on optical
observations at early times (few tens of second after the GRB trigger) in order to study GRB light curves
representative of those COLIBRI will observe. As these observations are only valid for a given time
interval and cannot be extrapolated to later times, we built a second sample based on the theoretical
synchrotron model allowing to study the redshift estimation accuracy for the same GRB at different
times, for instance at to+1min, tg+12h and tg+24h, with ty the GRB trigger.

In Section 2.1 we describe the 2 mock samples. In Section 2.2 we describe the observation strategy we
used to define at what time after the GRB trigger COLIBRI is observing the GRB, in which filter and
how long to expose. In Section 2.3 we present the resdshift accuracy of COLIBRI for the 2 mock samples.

2.1. Mock samples of GRB light curves

The objective is to simulate GRB afterglow light curves representative of what COLIBRI will observe.
We consider 2 ways of simulating the afterglow spectrum, the first one is to use an empirical model which
is model independent and reproduce most of the observations : the spectrum evolves as a power law both
in time and frequency. However this model is only valid for a given time interval and it is not possible to
extrapolate the observations at much later or sooner times (few hours). Consequently, we also considered

a model based on the standard synchrotron model based on GRANOT et SARI, 2002.

2.1.1. Empirical model

As described in Section 2.1.2, empiric GRB light curves are modelled with a simple power law both in

time and frequency :

F()\,t,Z,ﬁ,(X,Av) = FO X ()\i)ﬁ X (
0

t

%)_a X exp _Tdust(Z7A}\L/OSt, ) — T[G]\/[(Z)) (HI.Q)

142

where F{ is the normalisation factor at ¢ and tg.

A is the observed wavelength, ¢ the time since the trigger so t = 0 is the trigger time. 7gys5¢(z, A(L,”t, liz)
and Trgar(2) are the optical depth corresponding to the dust extinction in the host galaxy and the IGM
transmission respectively and are defined in I11.2.1.2.

There are 5 parameters in this model : Fp, z, A’(/"St, B and a.

2.1.1.a. Parameters distributions

The redshift distribution aims at probing the range 0 to 11 to study the behaviour of the photometric
redshift algorithm at low-z, estimating the accuracy of the photometric redshift estimation within the
range of interest (3<z<7), and to test the ability of COLIBRI to detect GRBs at high redshift (z>7).
The distribution for the redshift is a Gaussian with mean 5.5 and a standard deviation of 3.5 truncated
at 0 and 11 in order to especially probe the redshift range 3 to 9.

The F{ distribution is taken from the distribution of R~ magnitude for GRB afterglows observed at
to = 86.4 seconds, transformed to a common redshift of z = 1 in KANN, 2010. )\ is set to the effective
wavelength of the R filter, 6400 Aas defined in BESSELL, 1979. The normalisation flux at z = 1 is equal
to Fp.—1 = 3080 x 10794X™makrc | with 3080 Jy being the zero magnitude flux for Rc [BESSELL, 1979).
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The flux at a redshift z is computed using the same prescriptions in KANN et al., 2006 :

142 1+1 141 — 2
F(Avt,zaﬂaaaAV) = X F(A ’ t ——z= 1aﬂaaaAV) X <D3;Itn(z(z)1)) X ( )
um I11.10

141 1+2° 1+z
exp —mwK%A$m71izf—ﬁGM@)+TmmNZ=1ﬂ
where Dpym(z) is the luminosity distance at a redshift z assuming a flat universe, using Hy = 67.8
km/s/Mpc and Q,, = 0.308 from PLANCK COLLABORATION et ADE, 2015. As there is no information
on the dust extinction for the flux at z=1 in KANN, 2010, we only corrected the flux at z from the IGM
transmission at z=1.

The parameters for the distributions are summarised in Table II1.2 and the distributions are plotted
in Figure II1.7. For A’{”,OSt and 8 we used the values from KANN, 2010 to remain consistent with the
magnitudes. For the « distribution we use the values from X.-G. WANG, 2015. The extinction law is
randomly drawn between a SMC, LMC and MW with respectively 60%, 20% and 20% probability. 500
GRB afterglows are randomly drawn from these distributions. In order to incorporate a population of
highly extinguished GRB afterglows accounting for 20% of the overall population, we added 125 GRB
afterglows with a visual extinction randomly drawn from a Gaussian distribution of mean 1.3 mag and
standard deviation of 1 mag within a redshift range randomly drawn from a Gaussian distribution of
mean 2 and standard deviation of 1. The choice of these parameters was motivated by the work of ZAFAR
et al., 2018c which found only low dust content at z > 3.5 and maximum values of visual extinction at z

~ 1.5-2. Similar results are found in COVINO et al., 2013.

17

g

990123 080319B.
080721 050904 |
080810

X

NS

LI

Y

R

6

=

060729
0609048

Number

061007 | |
060210

070208
7
- . 55N

yd
14 2 4

Magnitude R_ at 86 s (assuming z = 1) after the GRB

S
T

\
)

N

|

A

\
1A IHIHHIN

77

N

SN

N
N\

N\
AR

N’

2

Figure ITI1.6— Distribution of optical transient magnitudes at 86 s (10—3 days) after the GRB trigger in the observer
frame, after shifting all afterglows to z = 1 [KANN, 2010]. (Credit : [KANN, 2010])
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Table III.2— Parameter distributions for the empirical model. The distributions are modelled using a Gaussian with
mean and standard deviation are given in the second and third columns.

Mean Standard deviation  limits ref.
z 5.5 3.5 [0,11] none
Ay 0.24 0.21 [0, 2] KANN, 2010
Ié; 0.66 0.25 [0, 2] KaNN, 2010
@ 1.26 0.38 [-1,2.5] X.-G. WANG, 2015
Rc mag at z=1 See Figure I11.6 KANN, 2010

15 20 25 30
Avhost Rc mag

-2 1.0
logio FO (Jy) alpha beta

Figure II1.7— Parameters distributions for the 625 GRBs.
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Figure ITI.8— Light curves in r (left) and J (right) band for the 625 samples for the empirical model. The blue

dashed lines represents the time interval from 1 to 6 min after the trigger in which we observe these afterglows.

The dashed red line represents the 50 limiting magnitude for an exposure of 30s, an airmass of 1.5, a seeing at

zenith of 0.8" and 7 days after the new moon. This corresponds to an AB magnitude of 21.27 and 19.53 in r and
J bands respectively.

2.1.2. Standard synchrotron model

We model the standard synchrotron following the prescriptions of GRANOT et SARI, 2002. As seen in
Section I1.2.1.1.b, there are 6 parameters describing this model : Ejo the total energy in the shell (in
10°2ergs), p the index of the electron power-law distribution, ep the fraction of shock energy converted

to the magnetic fields energy, €. the fraction of shock energy used to accelerate the electrons, ng particle
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density in the ambient medium (cm=3).

The redshift and Ay are drawn from the same distribution As for the empirical model. The extinction
law is randomly drawn between a SMC, LMC and MW with respectively 60%, 20% and 20% probability.
The parameters of the synchrotron model of GRANOT et SARI, 2002 are drawn from the distributions
obtained in [TURPIN, 2016] by fitting observed GRB light curves. There is one caveat by randomly
drawing a parameter value from a distribution independently from the other distributions, i.e. not taking
into account the correlation between parameters. Consequently it might sometimes results in a non
realistic set of parameter values. This might explain the GRB afterglows with a rather long rise flux in
the light curves in Figure I11.10 which is not what is usually observed in GRB light curves. One solution

would be to add some correlations between the parameters to the draw.
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Figure II1.9— Parameters distributions used to build the mock sample of 500 GRBs. zg;m, is the redshift, Ay jos¢ the
amount of attenuation in the host galaxy in the V band, F is the isotropic kinetic energy of the ejecta (in ergs), ep is the
fraction of shock energy converted to the magnetic fields energy, €. is the fraction of shock energy used to accelerate the
electrons, p is the index of the electron power-law distribution, and ng is the particle density in the ambient medium

(em™3).

The GRB afterglow light curves of the 500 GRBs in the r and J bands are showed in Figure II1.10.
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Figure IT1.10— Light curves in r (left) and J (right) bands of the 500 GRBs in our mock sample. The dashed red line

represents the 50 limiting magnitude for an exposure of 30s, an airmass of 1.5, a seeing at zenith of 0.8" and 7 days after

the new moon. This corresponds to an AB magnitude of 21.27 and 19.53 in 7 and J bands respectively. The different time
at which the observations are represented by the blue and green dashed lines.

2.2. Set up an observation strategy

Once the GRB light curves are simulated we need to set an observation strategy describing at what
time after the GRB trigger COLIBRI is observing the GRB, in which filter and how long to expose.
The main objective of the simulation is to study the first 5 minutes of observations imposed by SVOM
requirements. We have selected 3 times at which the observations start : ¢9460s representing the most
favourable case of a GRB observable as soon as the alert is received, tp+12h representing the extreme
case of a GRB exploding at dawn and ty+24h to study the evolution of photometric redshift with time.
A good photometric redshift estimation required a good spectral coverage to localise the wavelength at
which Lyman-« or Lyman break occur. At the beginning of the observations, very large filters are used
to optimise the detection of the GRB, gri and zy for the visible channels and J band in the NIR channel.
As soon as the GRB is detected in one band, the filters are successively changing between g, r and ¢ in
the DDRAGO-B channel, between z and y in the DDRAGO-R channel and between J and H for the
NIR channel in order to have a good spectral coverage. Each observation has an exposure time of 30s.
An example of the observation strategy is given in Table III.3.

The simulated spectrum is then integrated at these times for the given exposure time through the
Exposure Time Calculator to obtain the magnitude and its associated uncertainty in each filter band
taking into account the different transmissions, the camera efficiency, the sky background, readout noise,
thermal noise of COLIBRI.

For all GRBs we take an airmass of 1.5, the seeing at zenith to be 1" and the moon being 7 days from

the new moon.
2.3. Photo-z accuracy for COLIBRI
2.53.1. Empirical model

To estimate the redshift, we extract the SED from the simulated light curves at the time where the flux
in the reddest band is maximum, and perform the MCMC on the GRB SED at this time. The accuracy
of the photometric redshift estimation for the 625 GRBs simulated with the empirical model is seen in
Figure II1.11 where the estimated photometric redshift, the absolute accuracy Az = 2zppot — Zsim and

relative accuracy nz = Az/(1 + zsim) are plotted. The redshift range can be split in 3 regions :
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Table III.3— Observational strategy used in this study. In this example the GRB is detected in the first sequence with
the very large filters. From the second sequence we switch to large filters and change the filter after each sequence to
perform multi-wavelength observations.

Sequence  Time since burst Exposure time band

S S

1 60 30 gri
1 60 30 zy
1 60 30 J
2 90 30 r
2 90 30 z
2 90 30 H
3 120 30 i
3 120 30 y
3 120 30 J
4 150 30 z
4 150 30 g
4 150 30 H
5 180 30 y
5 180 30 r
5 180 30 J
6 210 30 g
6 210 30 i
6 210 30 H
7 240 30 r
7 240 30 z
7 240 30 J
8 270 30 i
8 270 30 y
8 270 30 H
9 300 30 z
9 300 30 g
9 300 30 J
10 330 30 y
10 330 30 r
10 330 30 H

- z < 3.5 where the Lyman-«a does not enter the g band.

- 3.5 < z < 8 where there is a good spectral coverage thanks to the use of contiguous filter bands : g, r,
1, 2, Y.

- z > 8 where a detection is only possible in the NIR bands (J, H).

The results are reported in Table II1.4 and Figure ITI1.11.

- There is large dispersion for z < 3.5 as expected, and COLIBRI will not be able to constrain accurately
the redshift but will deliver an upper limit.

- In the range 3.5 < z < 8, the dispersion is small meaning that COLIBRI will be able to derive robust
estimate of photometric redshifts with a relative accuracy of 10%.

- For 2 > 8 COLIBRI will derive photometric redshift accuracy with a relative accuracy of ~ 14%.
However, as there are detections only in J and H, there is a degeneracy between the spectral slope, (5, the
redshift and the amount of extinction in the host galaxy that can only be broken with a high SNR. When
the SNR is not sufficient, there is an under estimation of the redshift as it is estimated as the median of
a flat and broad PDF distribution.

- Regarding the dusty GRB afterglows with Ay > 1 mag, 94 of the 125 dusty afterglow are detected.
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Table III.4— Statistics summary of the photometric redshift estimation for the mock sample based on the empirical
model. For the 3 redshift ranges the number of detected GRBs, mean and standard deviation of the absolute and relative
accuracy are reported.

nb of detections Az nz
z <395 207 / 238 (87%) -0.21 +£1.11 0.0 £ 0.42
3<z<8 243/304 (80%) -0.14 +0.49 -0.03 £ 0.10
z>8 61 /83 (73%) -1.21 +1.32 -0.13 £+ 0.14
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Figure II1.11— Photometric redshift accuracy : results of the simulation of 625 GRB afterglow spectra samples
with the empirical model. From top to bottom : zphot, absolute difference Az = zphot — Zsim, relative difference
nz = Az/(1 + z) versus the input redshift, i.e. zsim. The points represents the zpnot values and the blue shaded
area represents the uncertainty at 1o level. The shape of the points represent the number of band with a SNR>3.
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Table IIL.5— Statistics summary of the photometric redshift estimation for the mock sample based on the synchrotron
model. For the three times and 3 redshift ranges the number of detected GRBs, mean and standard deviation of the
absolute and relative accuracy are reported.

nb of detections Az nz
z < 3.5 97 / 138 (70%)  0.01 £ 0.89  0.11 £ 0.46
to+60s 3.5<z<8 137 /279 (49%) -0.07+0.33 -0.01 + 0.05
z> 8 37 /83 (23%)  -1.29 + 1.31 -0.13 + 0.13
z<35 63138 (46%) -0.11 +£0.74 0.06 £ 0.48
to+12h 35<z<8 99/279 (35%) -0.14 +0.45 -0.03 + 0.09
z> 8 11 /83 (13%) -1.10 + 1.11 -0.11 + 0.11
z<35  57/138 (41%) -0.27 +£0.79 -0.02 £ 0.34
to+24h 35<z<8 90/279 (32%) -0.16 + 0.36 -0.03 + 0.07
z> 8 10 /83 (12%)  -1.21 +£1.24 -0.12 £ 0.12

2.3.2. Synchrotron model

The accuracy of the photometric redshift estimation for the 500 GRBs simulated with the synchrotron
model is seen in Figure I11.13 where the estimated photometric redshift, the absolute and relative accu-
racy are plotted as a function of the input redshift for 5 minutes of observations starting 60s, 12h and
24h after tg.

The results are reported in Table II1.5 and Figure I11.13, and conclusions are similar as for the mock
sample based on the empirical model.

- For z < 3.5 COLIBRI will not be able to constrain accurately the redshift but will deliver an upper
limit.

- For the range 3.5 < z < 8 COLIBRI will be able to derive photometric redshifts with a relative accuracy
of ~ 5-10% at the 3 time periods.

- For z > 8 the relative accuracy is about 12% at each time period.

- We note that the number of GRB detected decreased more rapidly for the 12 first hours, from ~ 54%
to 35%, than for the next 12 hours, from ~35% to 31%. This highlights the need of a rapid follow-up.

The need of a high SNR to break the degeneracy between the redshift and reddening at z > 8 is
illustrated in Figure II1.13 where at to+60s the z,40+ of the 2 GRBs at z ~9.5 are accurately estimated
whereas at tp+12h and ty+24h it is not possible anymore to distinguish a high redshift GRB from a highly
extinguished GRB because of the SNR decrease. This result in a broad and flat PDF for the redshift
leading to an underestimation of the redshift with large uncertainties.

The fact that the mean of Az and 7z is negative is mostly due to GRB afterglows with a weak SNR
leading to a broad and unconstrained PDF for the redshift, and as the photometric redshift is estimated
with the median of the PDF it usually underestimates the true value, nevertheless the true value is usually

consistent with the photometric redshift estimate within the 1o uncertainty (see example in Figure I111.12).
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Figure II1.12— Example of the outputs of the algorithm for a simulated GRB at z=7.83 with Ay =0.18 mag.
The GRB is detected only in J and H with a SNR of 5.8 and 5.4 respectively. Left : Best SEDs using the best fit
values (green line) and the median of the PDFs (dashed blue line). Right : one and two dimensional projections

of the posterior PDFs for all parameters. The vertical and horizontal blue lines represent the true value of the

parameters. The code returns a median value of 2=6.81 with +1.42/-1.98 1o uncertainty.
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Figure III.13— Results of the estimation of 2,5, for the 500 GRBs simulated with the synchrotron model and observed
during 5 minutes starting at to+60s, to+12h and t9+24h (from left to right). From top to bottom : zpp¢, absolute
difference zppot — zsim and relative difference (zphot — 2sim)/(1 + zsim) as a function of the input redshift zs;,. The
colorbar encodes the amount of attenuation in the V band i the host galaxy. The symbols, located at the zpp0¢ estimation,
represents how many bands have a SNR>3. The blue shaded area represents the 1o uncertainty associated to the
photometric redshift estimation.
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Table ITI.6— Statistics summary of the photometric redshift estimation with and without CAGIRE for the mock sample
based on the empirical model. For the 3 redshift ranges, the number of detected GRBs, mean and standard deviation of
the absolute and relative accuracy are reported.

nb of detections Az nz
7z < 3.5 190 / 238 (80%) -0.15 +£1.29 0.03 £+ 0.51
without CAGIRE 35 <z <8 199 /304 (65%) -0.14 + 0.61 -0.03 &+ 0.12
z > 8 1/ 83 (1%) - -
z<35 207238 (87%) -021+ 1.11 0.0 + 0.42
with CAGIRE ~ 3<z<8 243 /304 (80%) -0.14 +0.49 -0.03 + 0.10
z>8 61 /83 (73%) -1.21 + 1.32 -0.13 + 0.14

2.4. Importance of CAGIRE to detect high-z GRBs

As CAGIRE will be equipped with a new sensor developed by SOFRADIR, some delay in the delivery
of the detector is unfortunately possible. Therefore, in this section we perform the same analysis as
before but without a NIR detector, i.e. without J and H bands, using the same mock sample based on
the empirical model. The results are reported in Table II1.6 and Figure III.14.

- The accuracy on the photometric redshift is similar as with CAGIRE up to z ~ 8 with a relative
uncertainty of 12% within 3.5 <z< 8.

- For z > 8, there is only one GRB detected as the Lyman-a enters the J band around z = 8. Only 8%
of the GRB are detected above z > 7.

- Without CAGIRE, the number of detected is slightly less for 3.5 <z< 8 as the faintest GRB afterglows
can not be detected in the J and H bands anymore.

- The number of detected GRB afterglow with Ay, > 1mag is now 75 over 125 instead of 94 with CAGIRE,
which corresponds to a ~15% decrease.

These results illustrate the importance of a NIR detector to detect faint and high-z GRBs, which are
among the most interesting GRBs to study. If the follow-up starts in the first minutes after the GRB
trigger, a large fraction of the dusty GRBs can be detected by COLIBRI. Moreover, without a NIR sensor

GRBs can be detected up to z ~ 8 with a relative accuracy of 12% on the photometric redshift estimation.
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Figure II1.14— Photometric redshift accuracy : results of the simulation of 625 GRB afterglow spectra samples
with the empirical model without the NIR detector CAGIRE. From top to bottom : z,net, absolute difference
Az = Zphot — Zsim, relative difference n = Az/(1 + z) versus the input redshift, i.e. zsm. The points represents
the zpnot values and the blue shaded area represents the uncertainty at 1o level. The shape of the points
represent the number of band with a SNR>3.

3. Conclusions

We have implemented an algorithm which enables to determinate accurate photometric redshift for

GRB afterglows. This algorithm has been tested successfully over a large sample of observed GRB af-
terglows with spectroscopic redshift. This algorithm takes either a light curve or a SED, not necessarily
from the same instrument, as an input and derive the photometric redshift, the dust extinction coefficient
in the V band in the host galaxy Ay, the spectral slope of the afterglow S and their correlation.
In order to study the SVOM requirement of delivering a redshift indication after 5 minutes of obser-
vations, we have built 2 different samples of GRB light curves using a realistic observation strategy to
estimate the accuracy of the photometric redshift estimation delivered by COLIBRI. The relative accu-
racy is found to be about 10% for 3.5 < z < 8 and ~ 13-14% for z > 8. This study confirms the ability
of COLIBRI to detect dusty and high-redshift GRBs and to reliably estimate their photometric redshift.
Even without the NIR detector, CAGIRE, the relative accuracy remains on the same order, however less
faint and high-z GRBs (z 2 7) are detected.
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When COLIBRI will start to operate, this code will autonomously perform a quasi real-time photometric
redshift estimation. As a by-product the visual extinction and optical spectral slope are also estimated
and different extinction laws can be tested. A similar study for different observation strategies will allow

to optimise the detection rate and photometric redshift estimation of COLIBRI.

Due to its sensitivity and very rapid follow-up, COLIBRI will detect GRBs suffering a high amount
of visual extinction. These GRBs are preferentially found in dusty galaxies, and their detection is very
important to assess whether GRB host galaxies can be used as tracers of star formation. In the second
part of this thesis, I am interested in the characterisation of the dust properties inside these galaxies

which are selected in a very different way as galaxies in field surveys.
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GRBs : unique tools to probe dust properties and ISM structure of distant

star-forming galaxies

This chapter aims at comparing the dust extinction and dust attenuation processes in GRB host ga-
laxies. In Section 1 we define what is dust attenuation and how it differs from dust extinction. In Section
2 we describe different ways of modelling the dust attenuation either using attenuation laws or more
complexed radiative transfer simulations. In Section 2.3, we study the ability of two attenuation laws to
reproduce the variety of shapes observed in radiative transfer simulations. Finally, in Section 3 we study

the dust extinction and attenuation processes in GRB host galaxies.

1. Dust attenuation is different from dust extinction

When considering observations of extended regions, such as a galaxy or a region of a galaxy, old and
young stars are mixed within dust and are located at different optical depth. In addition to the two
processes at stake for dust extinction described in Section 1.3, two additional processes affect the intrinsic
emission of an extended region :

- photons absorbed by dust (same as dust extinction)

- photons scattered out of the observer line-of-sight by dust (same as dust extinction)

- stars are located at different optical depth, i.e. embedded more and less deep in the galaxy (as seen
from the observer)

- photons scattered into the observer line-of-sight by dust

The combination of these four processes is known as dust attenuation. Dust attenuation is thus different
from dust extinction as it is highly dependent on the geometrical distribution of dust and stars in the
galaxies. An illustrative sketch of these effects is seen in Figure IV.1. The modelling of the dust attenuation

is discussed in the next section.

Extinction Attenuation
(absorption + scattering out |.0.s) (absorption + scattering out and into l.0.s )

¥
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Figure IV.1— Sketch illustrating the dust effect of the dust extinction (left) and dust attenuation (right). Left : UV
photons are preferentially absorbed compared to NIR photons and the scattering is rather forward oriented for UV
photons while it is more isotropic for NIR photons. Right : For extended sources stars are located at different optical
depth and young stars are preferentially found in their birth clouds while old stars had time to migrate outside [CHARLOT
et FALL, 2000] and some photons can be scattered to the observer line of sight.
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2. Modelling dust attenuation

The modelling of dust attenuation is not only important to study dust properties but also to study the
star formation activity of a galaxy as young stars emit preferentially in UV. These UV photons are likely
to interact with dust grains resulting in a decrease of the amount of UV photons that we can detect. An
accurate modelling of the dust effects is thus crucial when interpreting the SEDs of galaxies, as illustrated
in Figure IV.2 the dust effect impacts strongly the shape of a galaxy SED in the UV, less in the optical
and has little influence to the stellar continuum in the NIR. The effect of dust attenuation depends on
the combination of both the optical and physical properties of dust but also on the relative geometrical
distribution of stars and dust leading to different shape of dust attenuation [WITT et GORDON, 2000 ;
SEON et DRAINE, 2016]. So not only the amount of dust but also the shape of its wavelength dependence
can vary from one galaxy, or region of a galaxy, to another. This makes an accurate correction of the
dust effects challenging. Fortunately, most of the dust grains which absorbed UV photons will re-emit
photons in the far-IR (FIR), providing an information on the amount of attenuation that took place in
the UV. If FIR data are available the better constraint on the amount of dust allows for a more accurate

measurement of the shape of the dust attenuation curve derived from UV to NIR data.
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Figure IV.2— Spectral Energy Distribution of a galaxy simulated with CIGALE for different amount of
attenuation : Ay = 0, 0.6, 1.2, 1.8 mag. The attenuation is modelled using the formulation of NOLL et al., 2009
with §=0, and a UV bump amplitude of 3. The galaxy is 1 Gyr old, with a solar metallicity, an initial mass
function of CHABRIER, 2003, and the dust emission in IR is modelled using DALE et al., 2014 templates. No
nebular emission is used. The blue and red shaded area represents the UV and NIR (from 1.6 to 4 um). The red
dashed line represents the dust emission for Ay = 1.8 mag. The unattenuated stellar emission is visualised by
the blue solid line corresponding to Ay = 0 mag.

The attenuation curve, in other words the dust effects occurring in the UV to NIR domain, can be
modelled using different approaches. The most intuitive approach is to derive an attenuation law from
observations, such as the attenuation law of CALZETTI et al., 2000 derived using local starburst galaxies.
However such an empirical law is only valid for the kind of galaxies that were observed. The second
approach intends to reproduce a larger variety of attenuation curve shapes by using a more flexible

parametric law. A popular formalism was proposed by NOLL et al., 2009 consists in a modification of
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the original starburst law of CALZETTI et al., 2000 allowing for a varying shape and the possibility to
introduce a UV bump. Finally, a most satisfying approach is to perform a radiative transfer simulation for
a given geometry, dust/star distribution and dust grain properties [SILVA et al., 1998 ; WITT et GORDON,
2000 ; PIERINI et al., 2004 ; TUFFS et al., 2004; SEON et DRAINE, 2016]. These radiative models allow
to reproduce the variety of attenuation curves but at the cost of consequent computational time. In the
following we will group the first and second approaches under the term attenuation curve "recipes' and
the third approach under the term radiative transfer (RT) attenuation curves.

In the sections 2.1 to 2.2 we will describe the different approaches. In section 2.3 we will study whether

the recipes can fit accurately the more realistic attenuation curves from radiative transfer simulations.
2.1. Dust attenuation recipes

Following the method in CALZETTI et al., 2000, one can recover the intrinsic wavelength dependence

of the stellar emission from observations using :
Fint(X) = fobs(A) 100N EB=V)sar (IV.1)

where k(A) = A(X)/E(B — V) tar is the reddening curve to be applied to the observed stellar continuum
SED, fos()A), of a galaxy in order to recover its intrinsic SED, fin:(A).

In the following, we will define the k() for the original starburst law of CALZETTI et al., 2000 and the
more flexible formalism of NOLL et al., 2009.

2.1.1. Original starburst law

This attenuation law was calibrated on a sample of 39 nearby UV-bright starburst galaxies [CALZETTI
et al., 1994 ; CALZETTI et al., 2000]. The normalised attenuation curve (see Figure IV.3) is characterised
by a shallower slope in the UV than the 3 local extinction curves (SMC, LMC and MW). This is an effect
of the more complex processes at stake for attenuation curves where the geometry and dust/stars distri-
bution also shape the wavelength dependence of the attenuation which is not the case for the extinction
curves. Its shape is fixed and only the amount of dust attenuation is a free parameter. This is the most
currently used recipe and is also used at high redshift. This law is an average of 39 galaxies and so its
usage for a single galaxy, even for one with similar characteristics as the sample used to construct the
relation, brings intrinsic uncertainties as mentioned in WITT et GORDON, 2000. This law should be used
only for correcting dust effects for a sample of galaxies that are experiencing an active star formation. In

the following we will refer to it as the C00 law.
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Figure IV.3— Attenuation curve from CALZETTI et al., 2000 alongside the 3 local mean extinction curves from PEI, 1992.

The CO00 recipe is parametrised as :

kcoo(A) = 2.659 x (—1.857 4+ 1.040/\) + Ry
(0.63um < A < 2.20pm)
= 2.659 x (—2.156 + 1.509/\ — 0.198/A% + 0.011/)\3) + Ry
(0.12pm < A < 0.63pm)

(IV.2)

with Ry = Av/E(B — V)star = 4.05 £ 0.80.
The color excess of the stellar continuum, E(B — V) sqr, is proportional to the color excess derived from
the nebular emission lines : E(B — V)gtqr = (0.44 £+ 0.03) X E(B — V)iines-

2.1.2. Modified starburst law

The CO00 starburst law only allows to fit the amount of attenuation in the V band, in other words it is
a scaling relation as the shape is fixed by the equation IV.2. In order to provide more flexibility to the
C00 law NOLL et al., 2009 proposed a new formulation by adding the possibility to vary the steepness of
the law in the UV-optical domain and to add a UV bump using a Lorentzian-Drude profile according to

the following formalism :

A A\’
knog(A) = 5 = (kcoo(A) + Drgy,5, (A) X | —
i(B —V)star N ( /\V> s
A = £ (emo() + Do, (V) % 1)

where Ay = 5500 A7 kcoo is the CO0 reddening curve, and D), ~ g, is the Lorentzian-like Drude profile

defined as :
Eb>\2’72
(A2 = A2)2 + A2y2°

with A\g the central wavelength of the bump, E} the amplitude of the bump and v the FWHM of the

D/\o,%Eb (/\) = (IV.4)

bump. The flexibility of this recipe is shown in Figure IV.4. In the following we will refer to this recipe
as N09.

— Page 75 -



NO9 with varying slopes and UV bump NO9 with varying UV bump amplitudes

- = C00 —— ampl = 10.00

— 6=-1.00 ampl = 7.00
12 8=-0.50 4 ampl = 3.50

— 6=0.00 —— ampl = 1.00

101 — s5=050 — ampl = 0.00

~ — &6=1.00 >37 - CO0
< <
~ ~
S Sz
x X
1,
0,
0 2 a 6 3 2 a 6 8
A [um™1] A7t [um~1]

Figure I'V.4— Attenuation curves modelled using the modified starburst law. Left : Using various slope and a UV bump
amplitude of 3.5. Right : Using a slope of 0.0 and various UV bump amplitudes.

By definition the color excess is defined as E(B — V) = A — Ay, so to check whether Equation IV.3

respect this definition so we compute Ag — Ay from Equation IV.3 :

)
Ap— Ay = B(B - V) x {[kcoo(B) + Dy (A5 (i’j) ~ (heon(V) + Dm,Ebuv»}
A\ °
Ap—Ay =E(B-V) x {[1 + Ry,co0 + Dxg y,E, (AB)] ()\V> — (Rv,coo + DAo,w,Eb(AV))} (IV.5)

A 5
Ap — Ay ~ E(B — V) X {[1 + RV,COO] <)\i> — RV,COO}

To ensure E(B—V) = Ag — Ay, Equation IV.3 needs to be corrected by the additional term in Equation
IV.6:

R A\’
kNOQ,corT()‘) = /LI X (kCOO(/\) + D)\o,'y,Eb ()‘)) X ()
Ry, coo
1 (IV.6)

A\
Ry, nog = | (1 + Rv,co0) <B> — Ry,coo

Av

For the N09 recipe, the effective impact of the UV bump on the attenuation curve depends on the
power law slope, meaning that for a given value of Ej, the "real" amplitude measured on the attenuation
curve will be different for different value of §. The peak intensity of the UV bump relative to the linear

component of the attenuation does not only depend on Ej but also on ¢ :

5
E A
A" (o) = Ajge ™ (ho) = Av - =+ (12 (Iv.7)
Rv,coo Av
where AYP()\g) and A™°P“mP()\,) are the values of the attenuation estimated at the central wavelength

of the bump, Ag.
SALIM et al., 2018 proposed to add the Lorentzian-like Drude profile after the correction due to the
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power-law :

Ry o A
kspris(\) = kooo(N) - =l (

5
— D A
RV’COO AV) + )\0777Eb( ))
. (IV.8)

5
A
Rv.mod = | (1 4+ Ry,co0) <B> — Ry,coo

Av

In the following, we will refer to this recipe as SBL18. This recipe is the one currently implemented in
the CIGALE code.
Now the peak intensity of the UV bump is independent of § and only proportional to Ej :

E,
Ry,coo

bum nobum,
ASBme(/\O) - ASBL18p()‘0) = Ay (Iv.9)
The Figure IV.5 illustrates the different meaning of Ej for the 2 recipes. For a given Ej, when the slope
is negative (positive) the real UV bump amplitude is amplified (reduced) for the N09 recipe due to its
dependence with §. Apart from the difference on the UV bump strength this formalism is exactly the

same as the N09 recipes. We will use the SBL18 recipe for the comparison with the radiative transfer

models.
NO9 vs SBL18 for different E, and 6=-0.5 NO9 vs SBL18 for different E, and §=0.5
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Figure I'V.5— Illustration of the different meaning of E; for the NO9 and SBL18 recipes. Left : Attenuation curves
modelled with various Ej and a slope of -0.5. Right : Attenuation curves modelled with various Ep and a slope of 0.5. The
continuous and dashed lines correspond to the N09 and SBL18 recipes respectively.

2.2. Radiative transfer simulations

RT models allow the study of different dust grain properties, global geometry and local dust dis-
tribution. The interaction of photons with the dust grain are defined through the adopted wavelength
dependence of the optical depth, 7, albedo, a and scattering phase g. Following the definition in WITT
et GORDON, 2000, the optical depth defines where a photon of a given wavelength interacts with a dust
particle, the albedo refers to the probability that this interaction results in scattering the photon and the
scattering phase function defines the angle at which the photon scatters. The phase function is usually
defined with the Henyey-Greenstein phase function. The global geometry defines how stars and dust
are distributed and the local dust distribution defines whether the dust is homogeneously distributed or
rather localised in clumps. In the following we will use the RT models of SEON et DRAINE, 2016 as our
benchmark to compare our results because it provides RT simulations for 2 different dust model, one
from WITT et GORDON, 2000 based on empirical grain properties for SMC and MW grain type and the
other one based on theoretical model for LMC, SMC and MW grain type and different ISM structure.
In this section, we briefly introduce the RT models of WITT et GORDON, 2000 and SEON et DRAINE, 2016.
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2.2.1. WITT et GORDON, 2000 model

This RT model is one of the reference work other works often compared to, and is described in details
in WITT et al., 1992 ; WITT et GORDON, 1996 ; WITT et GORDON, 2000. The empirical dust grain model
defined in this work is also used by the RT model of SEON et DRAINE, 2016. This model will denoted
WGAO00 in the following.

2.2.1.a. Dust and stellar distribution

This model consists in a spherical geometry with 3 possible global dust/star distributions illustrated
in Figure IV.6 :
- The Shell geometry has stars distributed up to 0.3 of the system radius and dust distributed from 0.3
to 1 of the system radius. WITT et al., 1992 justified the use of this geometry to model a dusty galactic
nucleus. This is similar to the screen model but not identical because scattering effects are here taken
into account. CALZETTI et al., 1996 found evidence of foreground dust for 13 starburst galaxies with little
dust in their central region, which they explained by supernovae explosions and hot star winds producing
shock waves and mass outflows that can destroy or remove the internal dust of active star forming regions
to the external dust.
- The Dusty geometry has dust and stars uniformly distributed over the system radius. This is one
of the most efficient geometry to convert stellar photons into IR thermal emission. WITT et al., 1992
justified the use of this geometry to model dusty portions of normal-late type galaxies or badly disrupted
merging ISM-rich galaxies, for instance ultraluminous starburst galaxies where the disrupted dusty ISM
would be very efficient at absorbing starlight so that an abundant old stellar population may significantly
contribute to the heating of dust grains.
- The Cloudy geometry has stars distributed to the system radius and dust distributed up to 0.69
to the system radius. WITT et al., 1992 justified the use of this geometry to model undisturbed disk

geometries where the ISM occupies only a modest fraction of the volume filled with stars.

The local dust distribution can be either homogeneous or clumpy. The clumpy distribution is defined
with a filling factor of 0.15 and a low to high density ratio of 0.01 (see WITT et GORDON, 1996 ; WITT
et GORDON, 2000 for more details). The optical depth takes discrete values from 0.25 to 50.

Shell Dusty Cloudy

Figure IV.6— Illustration of the 3 geometries adopted in WGO00. The star symbols represent the stellar distribution and
the grey shaded area represents the dust distribution. Figure taken from WGO0.
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2.2.1.b. Dust grain characteristics

This model provides 2 types of dust grains, one for the MW and the other one for the SMC, both
empirically determined. For the MW, the optical depth, 7, is determined using the extinction curve of
CARDELLI et al., 1989 with Ry =3.1, the albedo and scattering phase function are empirically determined
from reflection nebulae (see Figure IV.7). For the SMC dust grains, the optical depth is computed as the
average of the 3 extinction curves of the SMC Bar in GORDON et CLAYTON, 1998. The albedo values are
based on those of the MW with a modification to reproduce the lack of 2175 A feature (hereafter we will
refer to this feature as the UV bump). The scattering phase function is taken to be identical to the one
of the MW. On the right panel of Figure IV.7 we see that the scattering phase function is about 0.7-0.8
for UV photons and about 0.5 for NIR photons, meaning that UV photons are more forward scattered
whereas the NIR photons are more isotropically scattered. It is important to stress that the UV bump is

treated as an absorption feature only (see Figure IV.11).
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Figure IV.7— The continuous line represents the albedo (left) and scattering phase function (right) as a function of
wavelength for the MW dust adopted in WGO00. The points are measurements and the dashed line is the dust grain model
of KIM et al., 1994. Figure taken from WGOO.

2.2.1.c. What influences the shape of the attenuation curve ?

The influence of the optical depth can be seen on the left panel of Figure IV.8 where low optical depths
lead to attenuation curves with a similar shape as the extinction curve and high optical depths lead to
grey attenuation curves. It is then obvious that the amount of dust plays an important role in shaping
the attenuation curve. The middle panel of Figure IV.8 shows the influence of the global geometry on
the shape of the attenuation curve for a local clumpy dust distribution with 7,=1. All geometries have
shallower shape than the extinction curve which is due to the effect of scattering. The Shell geometry
suffers the more attenuation, the Dusty geometry suffers just slightly less attenuation with a similar shape
as the Shell one, and the Cloudy geometry leads to a greyer attenuation curve because more stellar light
are not affected by dust as in the outskirts of the system more stars are not, or lightly, embedded in
the dust. The right panel of Figure IV.8 shows the influence of the local dust distribution with a Shell
geometry and 7y =1, and a clumpy distribution of MW dust leads to less attenuation than homogeneous

distribution as some stars are more lightly embedded in the dust.
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Figure I'V.8— Attenuation curves normalised to Ay computed with the model of WGO0O0 for different dust model and
types using the python package dust attenuation [t . Left : influence of the optical depth with the other parameters fixed
to the Dusty geometry with a MW dust type and a clumpy dust distribution . Middle : influence of the global geometry
with the others parameters fixed to a clumpy distribution of MW dust type and optical depth of 1. Right : influence of the
local dust distribution with the others parameters fixed to a Shell geometry with MW dust type and optical depth of 1.

Using the python package dust attenuation, to which I contributed significantly to, we fitted all the

possible configuration of the WG00 RT models to the C00 starburst law. As it can be seen on the Figure
IV.9 the C00 starburst law is best fitted with either a Shell geometry with a clumpy local distribution of
SMC dust or a Dusty geometry with a local homogeneous distribution of SMC dust with higher amount
of dust. Using additional diagnostics, such as the ratio of FIR to F160BW fluxes as a function of the
change in UV spectral index, AfS, and the (F170W -F218W) vs. (B-V) color diagram, the clumpy Shell
geometry is favored in WGOO.

Example: fit CO0 with WG00
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Figure IV.9— The C00 law with Ay =1mag is represented with the orange line. The best fit for each geometry, local dust
distribution and dust type are reported. Green, red and blue colors refer to the Shell, Cloudy and Dusty geometries
respectively. Circle and triangle symbols refer to MW and SMC dust types respectively. Lines and dashed lines refer to a
clumpy and homogeneous local dust distribution respectively. The best fit Ay value is reported in the legend.

2.2.2. SEON et DRAINE, 2016 model

In the more recent work of SEON et DRAINE, 2016 the dust and stars are also spherically distributed.
In comparison to the WG00 model this model provides more values to quantify the clumpiness of the

ISM as well as the dust/star geometry. This model will be denoted SD16 in the following.

2.2.2.a. Dust and stellar distribution

Dust and stars are distributed in a sphere of radius Ry and R, respectively. The distribution of stars

can extend up to the dust distribution radius, i.e the ratio Rs/R, lies between 0 and 1, 0 representing a

[1]. http ://dust-attenuation.readthedocs.io/
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compact OB association surrounded by a dust cloud and 1 corresponds to the Dusty geometry of WGO00,
and the Shell geometry of WGO00 corresponds to Rs/Rg = 0.3. On the contrary of the WG00 RT model
with the Cloudy geometry, there is no publicly available data for a geometry where stars are distributed
beyond the dust radius. The local dust distribution is set by the sonic Mach number, M, governing the
turbulence and variance of the ISM density field, in other words, it quantifies the clumpiness of the ISM.
It takes discrete values between 0 and 20. My = 0 corresponds to a homogeneous ISM and My = 20 to a

very clumpy ISM. The illustration of different M, values can be seen on Figure IV.10.

p/ip 21

Figure IV.10— Illustration of the lognormal density fields computed for sonic Mach numbers of 1, 2, 4, 6, 8, and 12. The
color bars show the ratio of density over the mean density. The density field evolves from being almost homogeneous for
M s=1 to very clumpy for Ms=12. Figure taken from SD16.

2.2.2.b. Dust grain characteristics

One of the most important difference with the WG00 RT model lies in the adopted dust grain pro-
perties. While empirically determined values are used in WGO00, theoretical values from WEINGARTNER
et DRAINE, 2001 ; DRAINE, 2003 are used for the extinction and albedo in SD16. The extinction is very
similar for both works, however the albedo exhibits different shapes (see Figure IV.11). The albedo adop-
ted in WGOO is relatively constant with wavelength apart for the FUV part for both MW and SMC dust
model and the region around the UV bump for the MW dust model. In SD16 the albedo is rising from
NIR to optical domain and then continuously decreasing in the UV for MW and LMC dust models. For
the SMC dust model, the albedo is also first rising from NIR to optical, then is constant from optical to
NUV and then decreases in the FUV.

— Page 81 -



6 MW MW
F — extinction 1
--- absorption 0.81 ]
5F — — scattering E
= 4} black: WD g 08
< red WG o
< 3¢ i® 04
ot :
0.2} B
1k black : WD
ob 75 0.0 red WG
6 SMC SMC
F — extinction 3
--- absorption 0.8
5F - - scattering 3
= 4} black : WD jg 06
L Fored WG 42
< 3 771w 04
2F FTT T
0.2} B
1F E black : WD
Ob fll 0.0 red (WG
LMC-WD LMC-WD
6F — extinction 3
--- absorption 0.8
5F - - scattering E
— 4k 10 06 b
< :
< 3 1% 04f ]
2k E
- - 0.2¢ E
1 E 3
0 i 0.0
0123451678 0123 456 78

A [um™) AT um™

Figure IV.11— Comparison of the extinction and albedo curves of WEINGARTNER et DRAINE, 2001 and WITT et
GORDON, 2000. In the left panels, the extinction, absorption, and scattering curves are denoted as solid, dotted, and
dashed lines, respectively. In the top and middle panels, the MW and SMC curves of WEINGARTNER et DRAINE, 2001 and
WITT et GORDON, 2000 are denoted as black and red lines, respectively. The LMC curves of WEINGARTNER et DRAINE,
2001 are also shown in the bottom panels. Figure and caption taken from SD16

2.2.2.c. What influences the shape of the attenuation curve ?

We compare the 5 dust models with the same geometry (7y=1, M;=8, R;/R;=0.6) on the top panel
of Figure IV.12. On the left panel we see that the attenuation curves for the WD-MW and WG-MW
exhibit different shape with the WD-MW suffering less attenuation in the optical and NIR and more
in the NUV-FUV due the difference in the adopted albedo (see top right panel of Figure IV.11). The
UV bumps are very similar in amplitude and width. The WD-SMC and WG-SMC exhibit very different
shape, with the WG-SMC following a simple power law while the WD-SMC is a series of 3 power-law
segments. The WD-SMC dust model suffers less attenuation from NIR to NUV and more attenuation in
FUV than the WG-SMC. This difference is again due to the different prescription used for the albedo.
The WD-LMC suffers less attenuation in the NIR-optical than the MW models and similar attenuation
to the WG-SMC in the NUV and FUV. In general, the WD dust models suffer less attenuation in the
optical than their WG counterpart, due to the higher adopted albedo meaning that more optical photons
are scattered to the observer line of sight, and so when normalising the attenuation curves to Ay the WD
models are steeper than the WG ones, as seen on the top right panel of Figure IV.12. The WD-SMC has
the steepest slope in the UV, closely followed by the WD-LMC, the WD-MW is as steep as the WG-SMC
model in the FUV and the WG-MW is greyer than the WD-MW.

To understand the influence of the parameters on the shape of the attenuation curves we chose a WD-
LMC dust model and let vary only one the parameter at a time. The bottom left panel of Figure IV.12

shows that the more amount of dust there is, the greyer the attenuation curve is almost suppressing the
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UV bump. The bottom middle panel of Figure IV.12 shows that the amount of attenuation scales with
R/ Rq4, with a system where stars are uniformly distributed up to the dust distribution radius (Rs/Rq=1)
suffering less attenuation than systems where stars are surrounded by a "dust cloud" (Rs/R4<1). This is
explained by the fact that more stars will be lightly embedded in the dust and thus less affected by dust
in a system with R;/R;=1 than in a system with Rs/Ry<1. Finally the bottom right panel of Figure
IV.12 shows that the more clumpy the system is (higher M) the less attenuation it suffers and the greyer
is the attenuation curve. We find the same influence of the parameters as for the WG00 RT model. More
generally the WG00 and SD16 RT simulations show that the amount of dust influences the more the
shape of the attenuation curve with higher optical depth leading to greyer attenuation curves (see also

the compilation of RT simulations results in CHEVALLARD et al., 2013).
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Figure IV.12— Top left : Attenuation curves computed with the model of SD16 for the different dust models and same
geometry (Ty =1, Ms=8, Rs/R4=0.6). Top right : Attenuation curves normalised to Ay computed with the model of
SD16 for the different dust models and same geometry (v =1, Ms=8, Rs/R4=0.6). Bottom : attenuation curves
normalised to Ay for the WD-LMC dust type, from left to right only 7, Rs/Rgq and M are varied while the other 2
parameters are fixed.

The WGO00 and SD16 RT models both adopt a spherical geometry that is obviously not able to accu-
rately model galaxies. However, the extinction curve along the GRB line of sight provides information
about the type of dust in the host galaxies and so we required radiative transfer models with publicly
available data for different type of dusts. Most of the time, for studies using more complex modelling of
the bulge and disk of galaxies such as in the work of TUFFS et al., 2004 ; PIERINI et al., 2004 only one
type of dust is considered.

In a future study, we could further investigate whether the SBL18 recipe can fit accurately attenuation
curves from RT models with a more complex modelling of the bulge and disk of galaxies for a given type

of dust.

2.3. Fitting RT attenuation curves with analytical recipes

The RT attenuation curves are considered as the most satisfying modelling of the effect of dust on stellar
light and as we have seen in Section 2.2 their shape exhibits a great variety depending on the distribution
of dust and stars in the galaxy, the local dust distribution and optical depth. This non-universality of the
attenuation curve has already been found and discussed in many works [BUAT et al., 2011; BUAT et al.,
2012; BuAT et al., 2018 ; WILD et al., 2011 ; KRIEK et CONROY, 2013 ; REDDY et al., 2015 ; REDDY et al.,
2016 ; SALMON et al., 2016 ; BATTISTI et al., 2016 ; BATTISTI et al., 2017 ; SALIM et al., 2018], however no
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work has been performed to my knowledge to ensure that the common attenuation curve recipes are able
to reproduce the variety of the RT attenuation curves. This section aims at studying how accurately the
commonly used C00 and the NO9 recipes are able to fit the RT attenuation curves. As already mentioned
in Section 2.1.2, instead of the original N09 formalism we will rather use the modified version provided
by SALIM et al., 2018 where the strength of the UV bump is not affected by the power-law slope. Apart
from the UV bump amplitude, the same conclusions can be drawn for the NO9 recipe.

For this purpose, we use the radiative transfer model of SD16 which offers the possibility to choose
between three theoretical dust models adopted from WEINGARTNER et DRAINE, 2001 and DRAINE, 2003
for the MW, LMC, and SMC-bar, and two empirical models for the MW and SMC from WGO00. The
former dust models are noted WD-MW, WD-LMC and WD-SMC and the later WG-LMC and WG-
SMC. The attenuation curves computed with the radiative transfer model of SD16 are defined with three
parameters : Ty, Rs/Rq and M, taking discrete values from 0.1 to 20, 0 to 1 and 0 to 20 respectively 2lin
total there are 910 attenuation curves computed for each dust model.

For each dust model and values of 1/, 1%7 M, we fitted the RT attenuation curves with our 2 recipes : C00
and SBL18. We restricted the fit between 0.11um to 2.2um which corresponds to the wavelength range
where the formalism of C0O0 with the modification of LEITHERER et al., 2002 applies. The fit is performed
using an MCMC algorithm with the Ensemble Sampler of the python package emcee [FOREMAN-MACKEY
et al., 2013], using 100 walkers and 1000 steps. The parameters range are defined as follows : 0 <
E(B-V)<10,-3<§<3,0<E, <50and 25 <~ < 45.

In Section 2.3.1 we first consider the total amount of attenuation by fitting Ay of the RT models. Then,
in Section 2.3.2 we fix Ay of the recipes to be equal to the one of the RT models in order to consider

only the shape of the attenuation.

2.3.1. Fitting total attenuation, Ay

In this section we fit the total amount of attenuation by comparing A’;\ECW “to AFT

2.

using the following

X

> (params) Z (Are”pp (params) — Aﬁ?)z (IV.10)
i=1
with Af"ZT the amount of attenuation from the SD16 RT model, A\ P¢ the amount of attenuation for
the corresponding recipe and its parameters. The Ny, wavelengths are defined between 0.11 and 2.2
microns. params refer to the parameters of each recipe defined in 2.1.
To compute the accuracy of a given recipe to retrieve the wavelength dependence of all the RT attenuation
curves, we compute the absolute and relative difference between the recipe, estimated with the parameters

returning the best y? of the MCMC run, and the RT attenuation curves for each value of Ty, g—;, M

values :
R recipe recipe RT RT
fFTv, Ry M) = AP /AT = ANT JAy
sy, B v AT A AT AR
Ry’ AJTJATE

(IV.11)

Rs recipe recipe
fabs(A;TvadaMs) = |A)\ P /AV P _Aﬁ\%T/A‘}ETl

R
Ry

Aiecipe/AQ/ecipe _ Af\QT/A‘IET|
ATTJAT

gabs()\uTVv 7MS) = |

[2]. https ://seoncafe.github.io/MoCafe.html
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where A’{fm‘p © is the value of AgeCip ¢ estimated at 550nm, A%’ the value from RT models. f represents
the deviation between the recipe and the RT attenuation curves, g represents the deviation between the
recipe and the RT attenuation curves normalised to the RT attenuation curve. fus and gqps represents
the absolute values of f and g. For these 4 functions we compute the mean and standard deviation at
each wavelength for the 910 attenuation curves of a given dust model. For instance for f (and similarly

for the 3 other functions), the mean and standard deviation are computed as :

TV Rd M,

Nt t Zzzf Mg k) (IV.12)

VRdM

1=\ 253 0 O vy

The results for each dust model can be seen on Figure I1V.13 for the WD dust models and IV.14 for
the WG dust models. The top panels represent the averaged deviation between the recipe and the RT
attenuation curves and inform us about a global tendency of the recipe to over- or underestimate the
attenuation at a given wavelength. The middle-top panels represent the same deviation but normalised
to the RT attenuation curve normalised to Ay which gives us the percentage of deviation at a given
wavelength. As averaging negative with positive values can strongly biased our analysis of the averaged
curves, the next 2 panels below represent the same quantities but using the absolute difference this time.
For all the dust models it is clear that the C00 recipe is not able to reproduce the variety of shapes as
we expected. Looking at the bottom panel of Figures IV.13 and IV.14 we see that the absolute mean
deviation of the SBL18 recipe compared to SD16 RT models is between about 0% and 10% from the
optical to the FUV for WD-MW and WD-LMC dust models. The WG-MW dust model is well fitted by
the SBL18 recipe with an absolute mean deviation lower than 10% except in the FUV region from 5 to
6-7 wm ™! where the mean deviation goes up to 20%. The WG-SMC dust model is not well fitted by the
SBL18 recipe with an absolute mean deviation of about 20% in the UV with a large dispersion around
the mean value. The WD-SMC is badly fitted with the SBL18 recipe with an absolute mean deviation
almost always higher than 50% with a maximum of 100% deviation around 5 um~!. However the shape
of the WD-SMC is rather uncommon with 2 spectral breaks (see Figure IV.12) and to my knowledge such
a shape has not been observed so far. For the 3 WD dust models the NIR domain is badly fitted with a
tendency of the recipe to underestimate the amount of dust (see first 2 top panels of Figure IV.13). This
is also true for the WG dust models even if the deviation is lower than for the WD dust models.

An other point to stress is that the UV bump is usually very well reproduced by the SBL18 recipe. The
WG-MW model in the FUV region from 5 to 6-7 um ™! exhibits a depression in attenuation that is not
well reproduced by the SBL18 recipe. In that case a more flexible recipe, such as the one of FITZPATRICK
et MASsA, 2007 adopted for deriving extinction curves, should be more capable of reproducing a wider

variety of shapes but at the cost of more free parameters.
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Figure IV.13— Absolute and relative difference of the best fit of RT attenuation curves adopting the WD dust models

with different attenuation recipes :

C00 (orange points), SBL18 (blue points). From left to right : WD-MW, WD-LMC

and WD- SMC dust types. From top to bottom : absolute difference between the intrinsic shape of RT attenuation curve,
, and the intrinsic shape of the best fit for a given recipe, i.e,
values of the absolute difference, and the absolute values of the relative dlﬁerence The dotted grey line represents no
deviation, the light and dark grey dashed lines represent a deviation of 5 and 10 % respectively.
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Figure IV.14— Same as Figure IV.13 but for the WG dust models.

The results are normalised to Ay and so a bad estimation of this parameter can bias our conclusion on
the ability of the recipes to correctly fit the attenuation curves of RT models whose shape depends on Ay, .
In Figure IV.15 we plot the Ay values from the RT models against the value found for the best model
of our fit. There is a large dispersion on the estimated values of Ay for the C00 recipe for all the dust
models. The C00 attenuation law has a flat UV slope and so it must suffer more (less) attenuation to fit
attenuation curves with steeper (shallower) UV slopes explaining the bad estimation of Ay for the C00
recipe. The C00 recipe is usually overestimating the amount of attenuation. The SBL18 recipe allows for
a reliable estimation of Ay for the WD-LMC, WD-MW and WG-MW dust models and underestimates
it for the WD-SMC and WG-SMC dust models. In the next section we will perform the fit again but this

time with A’{,mp ¢ fixed to A% in order to consider only the shape of the attenuation curve.
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Figure IV.15— A(f”"’e as a function of the input AET for WD-MW, WD-LMC, WD-SMC, WG-MW and WG-SMC
dust models. The orange and blue points are the results obtained with the CO0 and SBL18 recipes respectively. The
dashed line represents the 1 :1 relation.

2.8.2. Fitting normalised attenuation, Ay with fized Ay

We have just seen that the shape of the attenuation curves can be reasonably well fitted by the SBL18

recipe, however A(/mp ¢ is not always consistent with A®T. In order to be fully consistent with the RT
models, we perform the fit using the same x? as before but this time setting A:/“'ip ¢ = ABT In other
words we now only consider the shape, i.e Ay/Ay, of the attenuation curves.
Again for all the dust models the COO0 recipe is not able to reproduce the variety of shapes as we expected,
and in this section we only plot results for the SBL18 recipe. The results for the C00 recipe can be seen
in Appendix C. Looking at the bottom panel of Figures IV.16 and IV.17 we see that now the absolute
mean deviation of the SBL18 recipe compared to SD16 RT models is between 0% and about 10% from
the optical to the FUV for all the dust models except the WD-SMC. The WD-SMC dust model is better
fitted than previously with an absolute mean deviation of about 0 to 10% above 6 um ™! but still a larger
deviation up to 40% from 2 to 6 um~'. The recipes still underestimate the amount of dust in the NIR
domain for all dust models although it is more pronounced for the WD dust models. The UV bump is
still well reproduced, but the depression in attenuation in the FUV of the WG-MW not well reproduced
by the SBL18 recipe.
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Figure IV.16— Same as Figure IV.13 but this time A:/eCiPE is fixed to A]‘}T and only the SBL18 is considered.
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Figure IV.17— Same as Figure IV.16 but for the WG dust models.

The results presented in Figures IV.16 and IV.17 are averaged over the 910 attenuation curves of the
SD16 RT model, and for a better illustration we present the best fit for one configuration of the SD16
RT model (ry=1, Rg/R;=0.6, Ms=8) and each dust model in the Figure IV.18. We see that attenuation
curves for WD-MW, WD-LMC and WG-SMC are well fitted by the SBL18 recipe. The WD-SMC can
clearly not be reproduced by a simple power law and the WG-MW is well fitted up to 5um ™! but not
above where the slope of the SBL18 fit is too flat compared to the RT curve. We tried to reproduce a
UV slope as steep as the one from the RT model for the WG-MW model by varying the slope of the
SBL18 while keeping the other parameters to their best fit values. In the top panel of Figure IV.19, we see
that similar UV slopes (blue-purple lines) with the SBL18 recipe have steeper slopes in the NIR domain
which does not match the RT model. The SBL18 recipe matches the SD16 RT model in the NIR only for
very flat attenuation curves in the UV (yellow lines) which does not match the RT curve in the UV. We
conclude that the shape of the WG-MW attenuation curves can not be reproduced by a simple power
law.

In the bottom panel of the same Figure we did the same with the WD-MW model, and we see that the
NIR part of the SD16 RT attenuation curve can not be reproduced by the SBL18 recipe for any of the
slope. It illustrates that the NIR attenuation of WD models are more underestimated when fitted by the
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SBL18 recipe than the WG models.
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Figure IV.18— Illustration of the best fit of one RT attenuation curve _(Tvzl, Rs/R4=0.6, M,=8) with the C00
(orange) and SBL18 (blue) recipes with A77“"* set to ART,
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Figure IV.19— Top : the black line correspond to the SD16 RT attenuation curve with =1, Rg/R4=0.6, M=8 for
the WG-MW dust, the red line correspond to its best fit with the SBL18 recipe. The multi color lines correspond to the
SBL18 best fit where the slope ¢ is varied from -1 (purple) to 0.5 (yellow). The right panel is a zoom in of the NIR
domain. Bottom : Same as for the top panel but for the WD-MW dust model.

We conclude that the SBL18 formulation is able to reproduce the shape of the WD-MW, WD-LMC
and WG-SMC dust models with an absolute mean deviation less than 10%. The UV bump is also nicely
reproduced. The WD-SMC and WG-MW dust models are not accurately fitted with the SBL18 recipe.
On the contrary, the C00 recipe is not able to reproduce accurately any of the dust model attenuation
curve shape. The attenuation in the NIR domain is usually underestimated with both recipes which will

result in an underestimation of the NIR fluxes corresponding to the emission of the old stellar population.
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2.3.83. Parameters range and correlations

In this section we intend to study the parameter range and possible correlations between parameters.

Most of the correlations have been discussed in details in SEON et DRAINE, 2016, our aim here is to
study whether some combination of values for the SBL18 parameters are only possible for some of the
dust models and thus help to distinguish between dust models in distant galaxies. In this section we did
not consider the WD-SMC and WG-MW dust models as the SBL18 recipe is not able to reproduce their
attenuation curves as seen in the previous section. The distributions of the best-fit parameters of the
SBL18 recipe for all dust models are shown along the diagonal of the Figure IV.20. The distribution of
the slope of the attenuation curve covers a broad range from ~-1.1 to 0.5 and is peaking around 0.1,
and most of the attenuation curves have a slope § between -0.6 and 0.3. We recall that the slope for the
SMC extinction curve is ~ -0.5 and the starburst law C00 has a slope of 0. The color excess, E(B — V),
is exponentially decreasing from 0 to ~2 with most of the values found within the range 0 to 1. Most of
the UV bump amplitudes are found within the range 1 to 8 with a peak at ~2.5. The FWHM of the UV
bump was allowed to vary from 25 to 45 nm and two peaks are seen, one at 34-35nm and a second one
at 44-45nm. The peak around 35nm is representative of the WD-MW model and this is what we expect
from [NOLL et al., 2009], the second peak is due to the WD-LMC model and at least partly due to the
limits we set for the fit.
To search for possible correlations between the parameters we plotted the 2D distributions of the SBL18
recipe parameters in Figure IV.20. Apart from the obvious correlation between F(B—V') and Ay, the most
clear correlation is found between the UV bump amplitude, Ej, and the slope of the attenuation curve, §,
with large (small) amplitude associated to steep (shallow) slopes. This relation has been observationally
confirmed in KRIEK et CONROY, 2013 and discussed in details in SEON et DRAINE, 2016. From the §-Ay
plot we see that steepest (shallowest) slope, i.e. more negative (positive) values of § are associated to low
(high) Ay . The same trend is seen on the E(B — V)-§ plot.
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Figure I'V.20— 2D distributions of the best-fit parameters of the SBL18 recipe for the WG-SMC, WD-MW and
WD-LMC dust models. The 1D distribution of the individual parameters are shown along the diagonal.

These trends are better illustrated in Figure IV.21 where we plotted ¢ as a function of Ay and E(B—-V)
for each dust model. We binned Ay and E(B—V) in 20 bins and computed the mean and standard devia-
tion of § for each dust model. For all dust models ¢ correlates with Ay, with the WD-LMC exhibiting the
steepest slopes, the WD-MW and WG-SMC exhibit similar slopes. The trend to have steeper (shallower)
attenuation curves at low (high) optical depth has already been discussed in many in radiative transfer
studies [WITT et GORDON, 2000 ; CHEVALLARD et al., 2013 ; SEON et DRAINE, 2016] and has been obser-
vationally confirmed by SALMON et al., 2016 ; SALIM et al., 2018. For increasing values of E(B — V') up
to 0.3 mag, ¢ is increasing before exhibiting a shallow decrease from 0.3 to 1.5 mag. This trend is not in
agreement with the works of SALMON et al., 2016 where ¢ is increasing with E(B —V) in a similar manner
as it does with Ay . The value of E(B — V) in their work is not equal to Ap — Ay as the introduction of
a varying slope to the original C00 law modifies the original Ry = Ay /E(B — V) as explained in Section
2.1.2. However in our analysis, (B — V) is corrected to impose E(B — V) = Agp — Ay. So we corrected

the E(B — V) values given in SALMON et al., 2016 which is represented by the grey line in the middle

— Page 93



panel of Figure IV.21 and our results are still not in agreement for values of E(B — V') higher than ~0.3
mag. We then decided to reproduce the Figure 13 of SALMON et al., 2016 where their relation is well
fitted by the Shell clumpy geometry of WG00 with SMC dust. In the bottom right panel of Figure IV.21
we plotted only the SD16 RT attenuation curves with 8< My <12 to reproduce a clumpy ISM and 0.2
< Rs/R4 <0.4 to reproduce the Shell geometry (defined with Ry/R4=0.3 in WG00, but this value is not
publicly available for the SD16 model). We see that the corrected relation of SALMON et al., 2016 is now
in very good agreement with our best fits for the WG-SMC. This seems to indicate that their result is
representative for a given dust model and geometry but is not universal. Indeed, as seen in the middle
panel of Figure IV.22 the highest E(B — V), for which the disagreement is stronger, are found in more
homogeneous ISM (i.e small M) and at higher optical depths. We also remark that a value of E(B —V)
higher than ~ 1 mag is associated to a My <2 corresponding to an homogeneous local dust distribution
and for My >8; corresponding to clumpy dust distribtuion,E(B — V) is in average ~ 0.3 mag. In the
work of WITT et GORDON, 2000, we can see from their Figure 4 that E(B — V) is saturating at ~0.25
and 0.3 mag for the MW and SMC dust model respectively. Higher values of E(B — V') are found only
with their Shell geometry and only in the case of an homogeneous local dust distribution is E(B — V)
higher than 1 mag. Interestingly, as seen in Figure IV.21 a given value of E(B — V) leads to different
values of ¢ depending on the adopted dust model. Consequently, the §-E(B — V') plot might be used to
distinguish among different dust model and even to give an indication of the local dust distribution in
distant galaxies.

An other conclusion is that both d-Ay and 0-FE(B — V)) trends are mainly explained by a dependence
to the optical depth as seen in the upper left panel in Figure IV.22.
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Figure IV.21— Top : Slope of the attenuation curve, §, as a function of Ay . The black dashed line represents the
relation found from a compilation of radiative transfer simulations in CHEVALLARD et al., 2013. The black line represents
the mean relation based on the observations of 230000 local galaxies in SALIM et al., 2018. Bottom left : Slope of the
attenuation curve, d, as a function of the color excess, E(B — V). The black line represents the relation based on galaxies
at z~1.5-3 from CANDELS in SALMON et al., 2016. The grey line represents the relation of SALMON et al., 2016 corrected
to impose E(B — V) = Ap — Ay when using the N09 recipe. The dashed line are extrapolation of these relations at higher
E(B — V). Bottom right : Same as the middle panel except that we selected only attenuation curves with 8< M, <12 and
0.2 < Rs/Rgq <0.4 to model a clumpy shell geometry as in SALMON et al., 2016. The colors encode different dust models.
Each point represents the best-fit values for one configuration (7, Rs/Rg, Ms) of SD16. The error bar represent the
mean and standard deviation of § for each bin in Ay and E(B — V).

In the Figure IV.22 we study the influence of the parameters of the RT model (1, Rs/Rg4, M) on the
parameters of the SBL18 recipe (§, E(B—V), Ay, Es, 7). We see that the optical depth is the parameter
influencing the most the shape of the attenuation curve with steep (shallow) attenuation curves associated
to low (high) optical depth, large (small) UV bump amplitude associated to low (high) optical depth.
The UV bump width is first increasing with optical depth up to 7 ~ 2 —4 and afterwards monotonically
decreases with optical depth. A similar trend between Ay and the bump amplitude has been found on a
sample of 230 000 local galaxies in SALIM et al., 2018 where the strongest UV bump are found for low
Ay and low mass galaxies. Similarly, HAGEN et al., 2017 found that in star-forming regions of the SMC
the strength of the UV bump decreases with Ay .

The degree of clumpiness, i.e. M, influences the slope and the UV bump amplitude with steeper (shallo-
wer) slopes associated to low (high) M, and large (small) Ej associated to low (high) M. This is due to
the fact that more homogeneous ISM results in higher Ay, which explains the similar trend as the one
with the optical depth. The ratio R;/R4 has a smaller influence on § and Ej, with steeper (shallower)
slopes associated to small (high) Rs;/R4 and large (small) E} associated to small (high) Rs/Rg.

Regarding the dust models, we see that the WD dust models exhibit steeper slopes as the WG dust
models. The WD-LMC dust model even exhibits steeper slopes (up to 6 ~ —1) than the WG-SMC dust
model (only up to § ~ —0.5) and stronger UV bumps (up to Ej ~ 8) than the WD-MW dust model (only
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up to Ey ~ 7). This is a consequence of the adopted extinction curves (see Figure IV.11).
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Figure IV.22— Dependence of the SBL18 recipe parameters to the optical depth (7v), ratio of stellar over dust
distribution (Rs/R4) and degree of clumpiness (Ms of the SD16 RT model. From top to bottom : Dependence of the
attenuation slope (d), the amount of dust in V band (Ay ), the color excess (E(B — V)), the UV bump amplitude (E})
and the UV bump width () to 7y, Rs/R4 and M, from left to right. The colors encode the different dust models. Each
point represents the best-fit values for one configuration (my, Rs/R4, Ms) of SD16. The error bar represent the mean and
standard deviation of § for each bin of the considered SBL18 parameter.
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3. Comparison of observed extinction and attenuation curves in GRB hosts

3.1. Investigation of dust attenuation and star formation activity in ga-
laxies hosting GRBs

We have seen in the previous section that for a given dust model, i.e. extinction curve, different geo-
metries can lead to very different attenuation curves. If the extinction and attenuation curves are known
for the same galaxy, one can derive dust grain properties from the extinction curve and try to infer
information about the geometry of the ISM of this galaxy from the attenuation curve. Unfortunately, ex-
tinction curves are mostly derived on local galaxies (Milky Way, the Large and Small Magellanic Clouds
and Andromeda) for which it is very difficult to derive the attenuation curve of the whole galaxy as
these galaxies have large angular sizes requiring to build a mosaic of images to cover the whole galaxy.
This has been done for M31 by VIAENE et al., 2017 who used a radiative transfer model to compute
the attenuation curve of M31. At larger distances, the attenuation curve can be more easily derived as
galaxies have smaller angular size, however extinction curves can not be measured with the pair method
as stars are not resolved anymore.

Several techniques have been developed to derive the dust extinction curve for extragalactic sources,
providing that the intrinsic SEDs of these sources are well characterised (see a more detailed review
in DRAINE 2003). One of the technique uses QSO sightlines, where the extinction curve is derived by
comparing composite spectra of reddened and un-reddened quasars (RICHARDS et al. 2003 ; HOPKINS
et al. 2004 ; ZAFAR et al. 2015) and it is found that featureless SMC-like extinction curves are the most
common along QSO sightlines. However, the emission of the AGN powering the QSO can contaminate
the emission of the galaxy. An other technique measures extinction curves along GRB line of sight as
their intrinsic emission is well modelled by a synchrotron emission [SARI et al., 1998 ; GRANOT et SARI,
2002]. What makes GRBs excellent probes for studying both extinction and attenuation curves is that
their luminosity is fading rather rapidly with time, within a few days to weeks in the optical /NIR domain
usually and up to months or even years for the radio emission. The measurement of the extinction curve
is performed during a few minutes to hours after the GRB explosion when its luminosity is bright enough.
After some months to years, when the contribution of the GRB luminosity to the host galaxy luminosity
becomes negligible, the attenuation curve of the host galaxy can be derived.

In the paper entitled "Investigation of dust attenuation and star formation activity in galaxies hosting
GRBs.", we investigated the use of GRBs to derive dust attenuation curves of distant star-forming galaxies
and obtain information about the dust properties and the ISM structure of these galaxies by comparing

their attenuation curves to the extinction curves derived along the GRB line of sight.
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Figure I'V.23— Top : Mean local extinction curves using data of Table 1 in PEI, 1992, normalised to Ay . Bottom :
Difference between the mean local extinction curves, normalised to Ay . They start to differ significantly in the FUV. The
blue shaded area represents the minimum rest-frame spectral coverage we require, that is, 1600A to 55004 .

As seen in Figure IV.23 (same as Figure 1 of the paper) the shape of extinction curves differs sub-
stantially in the UV domain only. Consequently, we first selected 30 GRB extinction curves having a UV
rest-frame coverage. Then we compiled some properties their GRB host galaxies (GRBH) such as the
stellar mass and the Star Formation Rate (SFR) to study whether dust properties along the GRB line
of sight correlates with some physical properties of the host galaxies. We found that the GRB extinction
curves having a spectroscopically confirmed UV bump are preferentially located in dusty massive galaxies
(see Figure 3 of the paper) as already mentioned in KRUHLER et al., 2011. We also found that a rapid
follow-up is required in order to catch these extinction curves (see Figure 2 of the paper) due to the higher
amount of attenuation associated to extinction curves exhibiting a UV bump and the fading of the GRB
luminosity with time. Interestingly, we do not find SMC-like extinction curves to be predominant when
a rapid follow-up was achieved (within 3 hours since the GRB trigger) whereas we only find SMC-like
extinction curves when the follow-up was achieved more than 3 hours after the GRB trigger. This might
indicate an observational bias towards SMC-like extinction curves.

Then, From these 30 GRB selected galaxies we selected only the 7 galaxies having photometric mea-
surements in at least 6 bands from UV to NIR in order to derive their attenuation curves and other
physical parameters (SFR, stellar mass, etc) using the SED fitting CIGALE code [NOLL et al., 2009]. We
used the H, measurements to check that our estimates of the SFR and amount of dust attenuation are
compatible with the SFR derived with H, luminosities and the Balmer decrement. This compatibility is
very important to ensure that the amount of attenuation is well constrained as we do not have IR data,
except for 1 galaxy.

In CIGALE we chose to model the attenuation curve using the SBL18 recipe, we proved to be a flexible
enough recipe to catch various shapes of the attenuation curves. The results, described in Section 5.4 of
the paper show a great variety of shape, from flat attenuation curves compatible to the C0O0 starburst law
to attenuation curves as steep as the SMC extinction curve (see Figure IV.24). The comparison of these
attenuation curves with the SD16 RT model in Section 5.5 shows that there is not a single dust/star
geometry that can reproduce all the data. A clumpy to very clumpy local dust distribution is found to
reproduce all the cases. For the two steepest attenuation curves two configurations are found to reproduce

almost as likely the data, either a Dusty geometry associated with dust homogeneously distributed or a
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Shell geometry associated with dust distributed in clumps.

As a by-product of our analysis we found that 5 out of 7 GRBHs require a recent burst of star formation
to fit the data. As a consequence of these recent bursts of star formation, our estimation of the stellar mass
is found lower than the stellar masses derived for the Swift GRB Host Galaxy Legacy Survey (SHOALS)
[D. A. PERLEY et al., 2016b] using a mass-to-luminosity ratio using IRAC1 luminosities.
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Figure IV.24— Top : GRBH 061121, GRBH 070802 and GRBH 080805, Bottom : GRBH 080605, GRBH 080607 and
GRBH 120119. The solid black line is the extinction curve normalised to A%r b, the blue one is the attenuation curve
normalised to Ai}ars and the green one is the normalised Calzetti law. The blue shaded area represents the 1o uncertainty
on the attenuation curve.

Unfortunately the use of wide filter bands did not allow to confirm the presence of the UV bump in
the attenuation curves. In the future, it would be very interesting to obtain spectroscopy or narrow band
observations of the GRBHs where a UV bump was spectroscopically detected in the extinction curve.
Since the publication of the article, an another UV bump has been spectroscopically measured in the
extinction curve of GRB180325A at z=2.2 [ZAFAR et al., 2018a]. There are now 5 GRBs with an unam-
biguously spectroscopically confirmed UV bump. Though the time limit of 3 hours is arbitrary and must
be only used as a rough estimate of a good follow-up response time, we note that the GRB spectrum
was acquired less than 3 hours after the trigger. The large amount of extinction along the GRB line of
sigth with A{/ b~ 15 mag is similar to the other GRBs with a UV bump. Using dust corrected H,,
luminosities they derived a SFR of 4644 M.yr~! from the calibration of KENNICUTT, 1998. The stellar
mass of 10%3%04 My they derived using the correlation between stellar mass and velocity width of the
H, line derived for GRBHs in ARABSALMANI et al., 2018. Both SFR and stellar mass are comparable
within uncertainty with the GRBHs of our sample. It will be interesting to perform a multi-wavelength
observation of the galaxy to derive the attenuation curve and a more precise estimation of the stellar

mass using a SED fitting.

— Page 99 -



A&A 617, Al141 (2018)
https://doi.org/10.1051/0004-6361/201832926
© ESO 2018

tronomy
Astrophysics

Investigation of dust attenuation and star formation activity in
galaxies hosting GRBs

D. Corre', V. Buat!, S. Basa!, S. Boissier!, J. Japele, J. Palmerio’, R. Salvaterra®, S. D. Verganis, and T. Zafar®

I Aix-Marseille Univ, CNRS, CNES, LAM, Marseille, France

e-mail: david.corre@lam. fr, veronique.buat@lam.fr

Anton Pannekoek Institute for Astronomy, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands
Institut d’ Astrophysique de Paris, Université Paris 6-CNRS, UMR7095, 98bis Boulevard Arago, 75014 Paris, France
INAF-IASF Milano, via E. Bassini 15, 20133 Milano, Italy

GEPI, Observatoire de Paris, PSL University, CNRS, 5 Place Jules Janssen, 92190 Meudon, France

Australian Astronomical Observatory, PO Box 915, North Ryde, NSW1670, Australia

[ RV RN I )

Received 28 February 2018 / Accepted 16 June 2018

ABSTRACT

Context. The gamma-ray bursts hosts (GRBHs) are excellent targets to study the extinction properties of dust and its effects on the
global emission of distant galaxies. The dust extinction curve is measured along the GRB afterglow line of sight and the analysis of
the spectral energy distribution (SED) of the host galaxy gives access to the global dust attenuation of the stellar light.

Aims. In this pilot study we gather information on dust extinction in GRBHs to compare the properties of the extinction curve to those
of the dust obscuration affecting the total stellar light of the host galaxy. Assuming the extinction curve to be representative of the
dust properties, we aim to investigate which dust-stars geometries and local dust distribution in the inter stellar medium (ISM) can
reproduce the observed attenuation curve.

Methods. We selected a sample of 30 GRBs for which the extinction curve along the GRB afterglow line-of-sight (l.0.s.) is measured
in the rest-frame ultraviolet (UV) up to optical and we analysed the properties of the extinction curve as a function of the host galaxy
properties. From these 30 GRBs, we selected seven GRBHs with a good rest-frame UV to near-infrared (NIR) spectral coverage for
the host. The attenuation curve was derived by fitting the SEDs of the GRBH sample with the CIGALE SED fitting code. Different
star formation histories (SFH) were studied to recover the star formation rates (SFR) derived using H, luminosities. Implications for
the dust-stars geometries in the ISM are inferred by a comparison with radiative transfer simulations.

Results. The most extinguished GRBs are preferentially found in the more massive hosts and the UV bump is preferentially found in
the most extinguished GRB l.o.s. Five out of seven hosts are best fitted with a recent burst of star formation, leading to lower stellar
mass estimates than previously found. The average attenuation in the host galaxies is about 70% of the amount of extinction along
the GRB l.o.s. We find a great variety in the derived attenuation curves of GRBHs, the UV slope can be similar, flatter or even steeper
than the extinction curve slope. Half of the attenuation curves are consistent with the Calzetti attenuation law and there is evidence
of a UV bump in only one GRBH. We find that the flatter (steeper) attenuation curves are found in galaxies with the highest (lowest)
SFR and stellar masses. The comparison of our results with radiative transfer simulations leads to a uniform distribution of dust and
stars in a very clumpy ISM for half the GRBHSs and various dust-stars geometries for the second half of the sample.

Key words. gamma-ray burst: general — dust, extinction — galaxies: starburst — galaxies: star formation — galaxies: high-redshift —

galaxies: ISM

1. Introduction

Stellar light in galaxies is absorbed and scattered in the interstel-
lar medium by dust grains. Dust effects are particularly strong in
the ultraviolet (UV), where photons are preferentially absorbed
and scattered by interstellar dust. Moreover the UV light is emit-
ted by young stars and is a tracer of the recent star formation. It
is thus of the utmost importance to well quantify the interaction
between the dust and the stellar light in the UV to study the dust
properties and to measure accurately the star formation activity
inside a galaxy.

Dust attenuation for extended objects should be distin-
guished from the extinction for point sources. In the case of a
point source, the extinction quantifies how many photons are ab-
sorbed and scattered out of the line of sight (l.0.s.) and is thus
directly linked to dust properties. For extended objects, such as
galaxies, dust and stars are mixed and the attenuation does not

only quantify how many photons are absorbed and scattered by
dust out of the l.o.s. but also how many photons are scattered
into the l.o.s. This means that it does not only depend on dust
properties but also on the dust-stars geometry in the ISM.

The extinction curve can be directly measured along sight-
lines where the spectrum of individual stars can be obtained,
which due to resolution is only the case in the Local Group so
far. Using this technique, extinction curves were obtained in four
galaxies where stars can still be resolved: the Milky Way (MW,
Witt et al. 1984; Fitzpatrick & Massa 1990, 2007), the Small
Magellanic Cloud (SMC; Prevot et al. 1984; Gordon & Clayton
1998; Gordon et al. 2003), the Large Magellanic Cloud (LMC;
Clayton & Martin 1985; Fitzpatrick 1985; Misselt et al. 1999),
and M 31 (Bianchi et al. 1996; Clayton et al. 2015).

Beyond the Local Group, where individual stars cannot
be resolved, several techniques have been developed to derive
the dust extinction in extragalactic sources, provided that the
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intrinsic SEDs of these sources are well characterised (see a
more detailed review in Draine 2003). Most of these techniques
assume the sources to be point-like which is not the case and
therefore geometrical effects are included in the extinction curve.
The importance of these effects are discussed by Kriigel (2009)
and Scicluna & Siebenmorgen (2015). For example, the dust ex-
tinction curve can be derived from QSO sightlines by com-
paring composite spectra of reddened and un-reddened quasars
(Richards et al. 2003; Hopkins et al. 2004; Zafar et al. 2015) and
it is found that featureless SMC-like extinction curves are the
most common along QSO sightlines.

The attenuation curve of a whole galaxy can be derived from
observations using UV-optical spectra or multi-band photomet-
ric data. For local UV-bright starburst galaxies, Calzetti et al.
(1994, 2000) derive a mean attenuation curve characterised by a
flatter slope than for mean local extinction curves and by a lack
of the 2175 A absorption feature (UV bump). After Calzetti’s
work the topic was reinvestigated at low and high redshift (e.g.
Buat et al. 2010, 2011, 2012; Wild et al. 2011; Kriek & Conroy
2013; Reddy et al. 2015, 2016; Salmon et al. 2016; Battisti et al.
2016, 2017) leading to a non-universality of the dust attenua-
tion law. Using a similar method as the one of Calzetti et al.
(2000; hereafter C00) on a larger sample of about 10000 local
(z<0.1) star forming galaxies, Battisti et al. (2016, 2017) de-
rive a mean attenuation curve similar to COO one though a bit
shallower in the UV. Reddy et al. (2015) also applied a similar
method to the COO one to estimate the attenuation curve of 224
star forming galaxies at z~2. They find that the mean attenua-
tion curve shape is again similar to the one of C0O0 in the UV but
with a lower normalisation and similar to the mean SMC extinc-
tion curve at larger wavelength. Based on the NOAO Extremely
Wide Field Infrared Mosaic (NEWFIRM) Medium-Band Sur-
vey, Kriek & Conroy (2013) constrain the dust attenuation of
0.5 <z <2 galaxies. They find that a MW and Calzetti law pro-
vide poor fits at UV wavelengths, and that steeper laws have
stronger UV bumps together with more active galaxies having
flatter attenuation curves and weaker UV bumps. Using galax-
ies from the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS) at z~ 1.5-3, Salmon et al. (2016)
find a correlation between the colour excess E(B—V) and the
slope of the attenuation law: galaxies with high colour excess
have shallower attenuation curves and those with low colour ex-
cess have steeper attenuation curves.

The attenuation curve of galaxies is also studied using ra-
diative transfer models with various dust physical properties and
geometrical distribution of stars and dust. In general, shallower
attenuation curves correspond to larger optical depths and mixed
star-dust geometries (e.g. Witt & Gordon 2000; Pierini et al.
2004; Tuffs et al. 2004; Panuzzo et al. 2007; Chevallard et al.
2013). Applying radiative transfer models to M 31 and M 51,
Viaene et al. (2017) and De Looze et al. (2014) respectively de-
rived very steep attenuation curves with the presence of a UV
bump. Most of the numerical simulations using radiative transfer
models use the extinction law of local galaxies to characterise the
dust properties and compute the attenuation curve one would ob-
serve for a given dust-stars geometry (e.g. Witt & Gordon 2000;
Pierini et al. 2004; Seon & Draine 2016).

Gamma-ray bursts (GRBs) with their featureless power-law
like spectrum shape of their afterglows are excellent probes
of dust extinction in their host galaxies (Zafaretal. 2011,
2018; Schady et al. 2012; Covino et al. 2013; Japel;j et al. 2015).
Thanks to their extremely high luminosity (up to ~10°3 ergs™")
such studies can be extended to very high redshift. In this
work, we take advantage of the fact that both the extinction and

attenuation curves can be measured for the same galaxy. The
observed difference between attenuation and extinction curves
contains information about the GRBH ISM structure. The ex-
tinction curves measured along the GRB l.o.s. are taken from
the literature. The global dust attenuation in the GRBH galaxies
is obtained by deriving the attenuation curve from SED fitting.
Assuming GRB extinction curves are representative of the dust
properties of their hosts, we compared our results to radiative
transfer simulations in order to put some constraint on the dust-
stars geometry and local distribution of dust in the ISM. As a by-
product of the SED fitting we also derive robust stellar masses
and SFR for the GRBHs.

The paper is organised as follows: in Sect. 2, we explain the
selection of the GRB extinction curves and later the selection of
the GRB host galaxies. In Sect. 3 we will search for correlations
between the GRB 1.0.s. and the host galaxy properties. In Sect. 4,
we derive the attenuation curves of the selected host galaxies
using the CIGALE SED fitting algorithm as well as the stellar
mass and SFR of the galaxies. In Sect. 5, the extinction curves
are compared to the derived attenuation curves and we compare
our results with radiative transfer simulations.

2. Selection of the targets

Our strategy was to find reliable GRB extinction curves in the
literature and then select the host galaxies for which we were
able to derive the attenuation curves. In this section, we briefly
explain the methods to measure the extinction curve along GRB
afterglow l.o.s. in order and we define selection criteria to select
the GRB extinction curves. The last step is the selection of the
host galaxies.

2.1. GRB selection
2.1.1. SED of GRB afterglows

GRB afterglows are well described by synchrotron emission
from accelerated electrons in a relativistic blast wave interact-
ing with an external medium (Sari et al. 1998; Granot & Sari
2002). The observed synchrotron spectrum is composed of se-
ries of power-law segments joined at certain break frequencies
(see Sari et al. 1998; Granot & Sari 2002). The NIR-to-X-ray
spectrum is then usually modelled as a single power-law or a
broken power-law to take into account a possible break in the
synchrotron spectrum, most likely the cooling break, located be-
tween the X-ray and UV/optical/NIR ranges at the time of ob-
servation. Knowing the intrinsic spectral shape, the comparison
of the observed spectrum with an expected one gives a direct ac-
cess to the extinction curve. The non-attenuated intrinsic GRB
afterglow SED is modelled by

P { Fo - vPo
T Fo A v

V < Voreak

ey
V > Vbreak
where Fy is the flux normalisation, v the frequency, Vpreak the
break frequency, So and Bx are the spectral slopes of the
UV/optical/NIR and X-ray segments respectively. The free pa-
rameters are Fy, So and Bx. At sufficiently late times the syn-
chrotron emission is expected to radiate in the slow cooling
regime, where B = Bx + 0.5 (Sari et al. 1998; Zafar et al. 2011).
This emitted flux is then attenuated by dust absorption and scat-
tering and photoelectric absorption of soft X-rays in the the host
galaxy. The attenuated flux is given by

ngs — FV . 10—0.4A/] e

—Nuxo(v)

(@)
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Fig. 1. Top: mean local extinction curves using data of Table 1 in Pei
(1992), normalised to Ay. Bottom: difference between the mean local
extinction curves, normalised to Ay. They start to differ significantly
in the FUV. The blue shaded area represents the minimum rest-frame
spectral coverage we require, that is, 1600 A-5500A.

where A, is the wavelength dependent extinction in the host
galaxy, N x is the equivalent neutral hydrogen column density
derived from the soft X-ray absorption along the GRB l.o.s. in
the host galaxy and is a free parameter. o (v) is the cross-section
for the photoelectric absorption from the gas in the host galaxy.

2.1.2. Modelling extinction processes

There are two methods to assess A,, in other words, the extinc-
tion curve. The first method consists in scaling the well defined
extinction curves derived for the LMC, SMC, or MW to the data.
The mean local extinction curves of Pei (1992), normalised to
the amount of extinction in the V band, Ay, are seen on top
panel of Fig. 1. These local laws are scaled to the GRB after-
glow spectrum using Ay as the scaling factor. This method has
the advantage of introducing only one free parameter, Ay, to the
SED fitting, but assumes that the wavelength dependence of dust
extinction at high redshift is the same as the mean extinction
in our local environment. Recently, Zafar et al. (2018) suggested
avoiding use of the canonical Pei (1992) SMC curve to fit GRB
data and to use the SMC-bar extinction curve from Gordon et al.
(2003).

The second method is to perform a fit to assess directly the
wavelength dependence of dust extinction. Usually the fit is per-
formed using the prescriptions of Fitzpatrick & Massa (2007,
hereafter FM07) which parametrises the extinction curve as

A=Ay (%k(/l V). 1) 3)

where Ry =Ay/E(B-YV) is the ratio of absolute-to-selective
extinction. .
In the UV wavelength range (1 <2700 A):

¢+ cax+c3D(x, xp,y)
c1 +cax +c3D(x, X0, ) + ca(x — ¢5)?

x<cs

“

X>Cs

k(/l—V)z{

where x=1""! in units of um~!, ¢; and ¢, represents the UV

linear component, c3 represents the bump strength, ¢4 and cs
the FUV curvature, and the Drude profile modelling the 2175 A

bump is expressed as

¥2

(x% - xé)2 + x2y?

D(x, xo,7) = (&)

where X is the central wavelength number and vy is the width of
the bump. In the optical and NIR a spline interpolation is used
to estimate the extinction curve. The FMO07 parametrisation of-
fers more freedom to fit the actual shape of the extinction curve.
However it has nine free parameters which leads to degeneracies
between the parameters in the fitting process unless one has a
finely-sampled SED. Consequently, this method is mainly used
with spectroscopic measurements, as with photometric measure-
ments only one has to fix some of the parameters, such as intrin-
sic spectral slope. Moreover, photometric observations affected
by the IGM absorption are usually not used which further limits
the number of data.

2.1.3. Selection criteria for GRB extinction curves

For our study purpose, it is essential to have a well characterised
extinction curve. The three local extinction curves (MW, LMC,
and SMC) have a very similar shape in the rest-frame NIR and
optical and start to differ significantly in the rest-frame FUV
(Fig. 1). To be able to distinguish them, observations in the rest-
frame UV bluewards of 2000 A are needed. The lower panel of
Fig. 1 shows the difference between the local extinction curves
normalised to Ay. We can see that for low to moderate Ay the dif-
ference in magnitudes between the local extinction curves may
be below a standard photometric accuracy. A typical amount of
extinction in the V band of 0.2 mag leads to a difference between
the different local extinction curves higher than 0.15 mag only at
1600 A in the rest-frame. It increases to at least 0.75 mag with
Ay =1mag. In the following, the amount of extinction in the
V band along the GRB l.0.s. will be denoted A%,rb. We started
by considering only GRB extinction curves derived using the
FMO7 formula with at least observations between 1600 A and
5500 A in the rest-frame. We used the largest sample of GRB
extinction curves derived from spectroscopic measurements of
the afterglow from Zafar et al. (2011) and the updated results in
Zafar et al. (2012). From the 42 GRBs of this sample, we kept
the 31 GRBs with evidence of dust extinction along the GRB
l.o.s., that is, A%,rb not consistent with 0 mag within 1o~ uncer-
tainty. After applying the minimum wavelength coverage defined
above we are left with a sample of eight GRBs: five with an
SMC-like extinction curve and three exhibiting a 2175 A bump
(see Table A.1). Initially, GRB 080805 is not part of our sample
due to the scarcity of optical data which can not safely constrain
the extinction curve slope. However, the spectroscopic confir-
mation of the presence of a UV bump is an interesting informa-
tion about the dust inside the galaxy and we decide to include
GRB 080805 in our sample. To our knowledge there are only
four GRBs with a spectroscopically confirmed UV bump (GRB
070802, GRB 080605, GRB 080607, GRB 080805) and they are
all in our sample.

In order to increase our sample we also considered GRB ex-
tinction curves derived using the scaling method. We started with
the sample of Japelj et al. (2015) based on spectroscopic mea-
surement of the afterglow. It consists of nine GRBs observed
within the X-shooter GRB GTO programme between 2009 and
2014. For the scaling method, the slope of the extinction curve is
fixed, therefore we apply a relaxed minimum wavelength cov-
erage going from 1600 to 3500 A in the rest-frame. We kept
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Table 1. GRB hosts in our Golden sample.

Name  Redshift Ext. curve Host data
0611214 1.31 LMC 10 bands (incl. VLA)
070802 2.45 Relatively steep 7 bands

+ UV bump
080605 1.64 Steep + UV bump 8 bands
080607 3.04 Flat+ UV bump 9 bands (incl. ALMA)

100814 1.44 SMC-like 6 bands
120119 1.72 SMC-like 6 bands
080805 1.51 Flat + UV bump 6 bands

Notes. The only host which does not meet our selection criteria of min-
imum wavelength coverage is listed at the bottom. > GRB 061121 is
the only afterglow for which the extinction curve is derived with photo-
metric data only.

the eight GRBs with evidence of dust and after applying our
wavelength coverage criterion we are left with four GRBs. GRB
120119A is best fitted with an LMC extinction curve, how-
ever Japelj et al. (2015) reported that it overpredicts the strength
of the UV bump and that none of the mean LMC, SMC and
MW is able to accurately match the the binned spectrum of
GRB 120119A. Using the afterglow spectrum observed by the
X-shooter and with the same data analysis as in Zafar et al.
(2011, 2018) find an SMC-like extinction curve using the FMO07
formula. In the following we therefore consider the extinc-
tion curve to be SMC-like. We are left with 4 GRBs with an
SMC-like extinction law. We also considered the sample of
Schady et al. (2012) based on broad-band photometry measure-
ment of the afterglow since they required at least one detection at
a rest-frame wavelength below 2000 A. Tt consists of 49 GRBs.
We kept the 36 GRBs with evidence of dust extinction and af-
ter applying our relaxed wavelength criterion we were left with
17 GRB extinction curves: eight consistent with an SMC extinc-
tion curve, six with an LMC one, and three with an MW one (see
Table A.1). At the end we have a sample of 30 GRB extinction
curves: 17 with an SMC-like curve, six with an LMC-like, three
with an MW-like, and four with a spectroscopically confirmed
bump exhibiting various slopes.

2.2. GRB host galaxies selection

Now that we have selected the extinction curves of 30 GRBs, we
first compile some properties of their host galaxies, such as the
SFR, stellar mass, and amount of attenuation in order to search
for a correlation between the dust properties along the GRB 1.0.s.
and inside the host galaxy. For the second part of our study we
selected only the host galaxies for which we can derive the at-
tenuation curves from SED fitting.

2.2.1. GRB host galaxy properties

The SFR derived from the dust corrected H, luminosity
(Kennicutt 1998) is considered as one of the most robust trac-
ers of recent star formation, in the following it will be de-
noted SFRy,. The extinction of emission lines derived from
the Balmer decrement is an indicator of the dust extinction
towards the HII regions. In the following, the amount of at-
tenuation in the V band in the host derived from the Balmer
decrement will be denoted Al\i,“es. For homogeneity, these two
quantities are exclusively taken from Kriihler etal. (2015),
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Fig. 2. Time, since the GRB trigger, at which the SED were evaluated

as a function of the extinction along the GRB l.o.s., A\g;b. The blue,
green and red colours represent which local extinction curve (SMC,
LMC, MW) scaled the best to the data. The black colour means that
the extinction curve was fitted with the FMO07 and has a spectroscop-
ically confirmed UV bump. The circles represent the afterglows with
spectroscopic measurement and the squares the ones with photometric
measurement only. The filled symbols represent SEDs best fitted with a
single power law, the empty ones represent SEDs best fitted by a bro-
ken power law. Only the names of the GRB in our Golden sample are
indicated.

with the exception of GRBHO061121 for which the SFRy,
is taken from Verganietal. (2017) and Al\i,nes is computed
from the H, and Hg fluxes in Vergani et al. (2017) using the
same prescriptions as in Kriihler et al. (2015). The metallic-
ities were measured using the calibration of Maiolino et al.
(2008), and taken from Kriihler et al. (2015), Japelj et al. (2016)
and Vergani et al. (2017). The stellar masses are taken from
Perley et al. (2016).

2.2.2. Golden sample for deriving GRBH attenuation curves

The characterisation of the dust effects is crucial in the UV. From
the 30 GRB host galaxies selected with robust GRB extinction
curves we select only targets with photometric measurements of
the UV rest-frame emission of the host and a UV-to-NIR spec-
trum reasonably well sampled (with at least six bands) in order
to measure physical parameters. After a careful inspection of the
photometric and spectroscopic data of the host galaxies of GRBs
selected in Sect. 2.2.1, we select seven galaxies with good photo-
metric data on at least six bands, including a detection with the
Spitzer Infrared Array Camera at 3.6 um (IRAC1) and hydro-
gen recombination lines (except for GRBH 080607 at z=3.04)
allowing a measure of SFRy, and of the Balmer decrement.
The photometric data collected for each target are described in
Appendix B. The data are corrected for the foreground Galactic
extinction using Schlafly & Finkbeiner (2011). The seven hosts
are gathered in Table 1.

3. GRB and host properties

Before comparing the extinction curve derived from the GRB
L.o.s. with the attenuation curve derived for the host galaxy we
are searching for some correlations between properties derived
along the GRB lL.o.s. and for the whole galaxy to check whether
GRB l.o.s. are representative for the dust properties of the hosts.
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3.1. Importance of a rapid follow-up

As GRB afterglows fade rather rapidly, we first check whether
the time at which the GRB SED is extracted has an influence on
the study of GRB extinction curves. Figure 2 represents the time,
after the GRB trigger, at which the GRB SED is extracted as a

function of A%/r ® for different types of extinction curves. We see
that at early times, below roughly three hours, GRB afterglows
exhibit all type of extinction curves from low to high extinc-
tion whereas after three hours only SMC-like extinction curves
with low to moderate extinction are found. There are two ways
to explain this trend, either as a bias against highly extinguished
afterglows or a time dependent dust composition modification.
A temporal evolution of the dust properties is expected from
theoretical simulations (Waxman & Draine 2000; Fruchter et al.
2001; Perna et al. 2003) where a strong X-ray/UV radiation field
can deeply modify the dust properties in the close environment
(~10-100 pc) of the source. Dust sublimation is predicted to af-
fect primarily the smaller grains, and the silicates are preferen-
tially destroyed compared to graphite, leading to featureless and
shallow extinction curves. A possible early colour variation has
been studied in Morgan et al. (2014). However, these processes
mainly take place during the first seconds or minutes after the
burst and not a few hours after the burst.

The other explanation is a bias against highly extinguished
afterglows due to instrument sensitivity and fast decay of the
GRB afterglow brightness. Indeed, if we consider that GRBs in
dusty galaxies are not intrinsically brighter than those in galaxies
with low dust content, they will be below instrument sensitivities
very rapidly, with the exception of extremely bright afterglows.
As mentioned in Zafar et al. (2011), where the afterglows in
their sample have an average magnitude of 21.1 £ 1.7, a MW-
like extinction curve with a rest-frame visual extinction of
Ag\,rb =1mag will yield roughly 2-3.5 magnitudes of extinc-
tion in the optical at z=2. Therefore GRB afterglows with
A’f,rb > 1 mag are unlikely to be detected with current instrument
sensitivity except for the few brightest ones and those with a
follow-up within the first minutes after the GRB trigger. The
fraction of dark bursts has been estimated between 25 and 42%
in Fynbo et al. (2009) and using the complete BAT6 sample,
Melandri et al. (2012) derived a 25-35% fraction of genuine
optically dark bursts. Using systematic follow-up observations
from GROND, Greiner et al. (2011) show that at moderate red-
shift, the main contribution to dark bursts is a moderate extinc-
tion. We conclude that the trend observed in Fig. 2 is very likely
driven by the observed GRB brightness and not due to a tempo-
ral evolution of dust properties. In Fig. 2, we also see that extinc-
tion curves exhibiting a 2175 A bump are preferentially found in
the most extinguished l.o.s. as previously found in (Zafar et al.
2011; Greiner et al. 2011; Kriihler et al. 2011). They are there-
fore more easily detected at early times. It follows that there is
an observational bias towards SMC-like extinction curves.

The forthcoming French Ground Follow-up Telescope
(F-GFT), a 1.3m optical/NIR robotic telescope for the Space
Variable Object Monitor mission (Wei et al. 2016), with its ex-
tremely fast response time of less than 20s after receiving an
alert, should significantly increase the detection of extinguished
bursts. It should also be able to observe at early times the rapid
afterglow colour change characteristic of a temporal variation of
dust properties under the influence of intense X-ray/UV radia-
tion field'.

' For GRBs from Zafar et al. (2011, 2012) and Schady et al. (2012)
this is the time at which the SED is extracted, and for those from
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Fig. 3. Extinction along the GRB l.o.s. as a function of the host galaxy
stellar mass, the latter taken from Perley et al. (2016). Same colours and
symbols as in Fig. 2.

3.2. Dust extinction along GRB I.o.s. as a function of GRBH
stellar mass

Figure 3 represents A%,rb as a function of the GRBH stellar mass
for different types of extinction curves. It shows that highly
extinguished GRB l.o.s. are preferentially found in the most
massive host galaxies. Previous studies (e.g. Zahid et al. 2013;
Heinis et al. 2014) showed that the amount of dust attenuation
in a galaxy is correlated with the stellar mass of the galaxy.
Vijh et al. (2003) found a similar relation between the UV atten-
uation and UV luminosity of Lyman break galaxies. This relation
holds if the GRB afterglow probes not only the dust capable to
survive the intense radiation of the afterglow in the surround-
ing environment of the GRB progenitor but also the dust located
at sufficiently large distances to be representative of the whole
galaxy. Interestingly, this figure also shows that GRB extinc-
tion curves exhibiting a UV bump are preferentially found in the
most massive host galaxies as already noticed in Kriihler et al.
(2011). Noll et al. (2009b) find that galaxies with evidence of a
UV bump have a more evolved stellar population than galaxies
lacking this feature.

4. Fitting the SED of the hosts

For the seven GRBHs in our Golden sample defined in Table 1
we perform SED fitting to derive the attenuation curve. The
method and the models are first described, then we discuss the
SED fitting analysis of each GRB host galaxy. In the last part of
this section we discuss the star formation activity of these seven
GRBHs.

4.1. SED fitting method

The SED fitting is performed with the version v0.11 of
the CIGALE code (Code Investigating GALaxy Emission)?.
CIGALE combines a UV-optical stellar SED with a dust compo-
nent emitting in the IR and fully conserves the energy balance
between dust absorbed emission and its re-emission in the IR.
Star formation histories as well as dust attenuation characteris-
tics, including the attenuation law, are input parameters that can

Japeljetal. (2015) the time corresponds to the mid-time of the
X-shooter observations.
2 http://cigale.lam. fr
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Table 2. Input parameters for SED fitting with CIGALE.

Parameter Symbol Range
Colour excess? EB-V), 0.01, 0.05, 0.1, 0.25,0.5,0.75, 1.0, ...
1.25, 1.5, 1.75,2.0,2.25, 2.5, 3.0, 4.0 mag
Attenuation curve” 1 [-1:+0.7] per bin of 0.1
Delayed star formation history + recent burst
Age of the main stellar population to 1000, 2000, 3500 Myr
Peak of the star formation (delayed SFH) T 1000, 2000, 3000, 5000, 7000, 10 000 Myr
Age of the burst t 20, 50, 100 Myr
Stellar mass fraction due to the burst fo [0:0.5] per bin of 0.05
Metallicity® Z 0.008, 0.02

Notes. Values of input parameters used for the SED fitting with CIGALE. @ E(B — V), is the colour excess between the B and V bands applied on
the stellar continuum.  Defined in Eq. (6). ¢ The metallicity is set to one of the 2 values (Z = 0.02 being the solar metallicity).

be either taken free or fixed according to the available data or the
specific aims. The main characteristics of the code are described
in Noll et al. (2009a). We refer to Boquien et al. 2017 (in prep.)
for a detailed description of the new version of the code and to
the online information to use the code. Here we only describe the
assumptions and choices specific to the current study. The main
parameters and range of input values are reported in Table 2. The
output values of the parameters are estimated by building the prob-
ability distribution function (PDF) and by taking its mean and
standard deviation. To assess the quality of the fit we compare the
results to the SFR derived from the dust corrected H, luminos-
ity and the amount of dust attenuation derived from the Balmer
decrement.

Different scenarios of star formation history are implemented
in CIGALE. In this work, we have adopted a delayed star for-
mation rate (SFRoct - €7/7) on which we add a young burst
of constant star formation with a free age and amplitude. This
scenario aims at reproducing both the general star formation
history of distant galaxies (i.e. Lee et al. 2010; Maraston et al.
2010; Pforr et al. 2012) and a possible recent burst of star for-
mation. The hosts of GRBs are known to be active in star
formation (Savaglio et al. 2009; Perley et al. 2013; Hunt et al.
2014; Japelj et al. 2016). As rest-frame UV photometric data
can probe down to the last 20 Myr of star formation history
(Boquien et al. 2014), the age of the burst is allowed to vary from
20 Myr—100 Myr. The fraction of stellar mass in the recent burst
is allowed to vary from O to 50% of the main stellar population.

The initial mass function of Chabrier (2003) is adopted
with the stellar synthesis models of Bruzual & Charlot (2003).
The nebular emission is included with standard parameters. The
metallicity is fixed and chosen to be the closest value to the mea-
surements between Z = (0.008 and 0.02 (solar value).

To model the attenuation by dust, we used a modified ver-
sion of the attenuation law of C00, which offers the possibility
of varying the steepness of this law and adding a bump cen-
tred at 2175 A. We refer to Noll et al. (2009a) for a complete
description of the dust attenuation prescription, which still holds
in the new version of the code. In brief, the dust attenuation is
described as

1 é
Ay=EB-V); [k’(/l) (E) + D/lo,y,Eb(/l)} (6)

where /1V=5500A, k'(1) comes from CO00. D, , g (1), the
Lorentzian-like Drude profile commonly used to describe the
UV bump (Fitzpatrick & Massa 1990), is defined as

Eb /12 ,)/2

S — 7
(2= 2y + 2y 7

Dﬂn,%Eb =

with 19=2175A. An extinction curve as steep as the SMC
corresponds to ¢ ~—0.5 and the bump amplitude found in the
average extinction curve of the MW corresponds to E, =3.5.
For a sample of UV selected galaxies at intermediate redshift
Buat et al. (2012) find E, = 1.6 and § = —0.27, which is close to
the shape of the LMC2 extinction curve with a UV bump of
moderate amplitude.

The photometric data partially overlap the bump for GRBHs
061121, 070802, 080605, 080805, 100814A and 120119A. For
these six sources the bump will be fixed at 1o =2175 A with a
width y =350 A and the amplitude is taken free. Because of the
lack of wavelength coverage the other fits are performed with-
out adding any bump in the attenuation curve and only varying its
slope (9).

The stellar emission absorbed by dust is re-emitted in the IR.
The IR templates used in this work are from (Dale et al. 2014,
without the AGN component) which are parametrised with a sin-
gle parameter a corresponding to the exponent of the distribution
of heating intensity over dust mass. A single template (@ =2) is
used except for the only galaxy detected in IR, GRBH 080607,
for which different @ of between 1 and 2 are tested to cover
the range of values found from quiescent to active star-forming
galaxies (Dale & Helou 2002).

The attenuation of the continuum obtained from the SED fit-
ting will be denoted A",

4.2. Analysis of the sources
4.2.1. GRBH 061121

From H, measurements, Vergani et al. (2017) derived a SFRy,
of 44.2*15 My yr~'. Using the Balmer lines measurements by
Vergani et al. (2017), we computed E(B—V), = 0.53’:8:{3 mag
corresponding to AV =1.66*0% mag (using Ry =3.08 as in
Kriihler et al. 2015). From IRAC1 measurement Perley et al.
(2016) derived a stellar mass of 2 x 10'° M,

The radio component is added to the fit with standard
parameters (a FIR/radio correlation coefficient of 2.58 and a
slope of 0.8 for the power-law synchrotron emission). The best
model is obtained for Z=0.008 and shown in Fig. 4. No ev-
idence of a UV bump is found. The SFR is found equal to
62 +26 Mo yr~! consistent with SFRy,. A strong burst involv-

ing 29+ 14% of the total mass with an intermediate age of
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Fig. 4. Best-fitted SED for GRBH 061121. Red points are the observed
fluxes with their uncertainties. The black line represents the best fit-
ted spectrum composed of attenuated stellar emission, dust emission,
non-thermal radio emission and nebular lines. The dashed blue line rep-
resents the unattenuated stellar emission and the blue shaded area indi-
cates the amount dust attenuation. The lower panel shows the relative
residual. The upper right panel is an enlargement of the UV/optical/NIR
domain.

58 +31 Myr is needed to reproduce the SED. The stellar mass
is My, =6.9+2.4x10° M, a factor 3 lower than the one mea-
sured by Perley et al. (2016). The resulting specific SFR, defined
as sSFR =SFR/M, is equal to 9 Gyr~'. The dust attenuation
is found moderate with E(B — V); =0.15 + 0.04 mag, with a flat
attenuation law (6 =0.22 +0.2) marginally consistent with the
starburst law of C00. The resulting amount of visual extinction
is Ay =0.88 +0.30 mag. A metallicity of Z=0.02 returned a

slightly higher y? with similar values for the SFR, the stellar
mass, § and AJ*™.

4.2.2. GRBH 070802

The Balmer lines are measured by Kriihleretal. (2015),
corresponding to a moderate attenuation with E(B—V)g =
0.31f8:}% mag corresponding to Al\",rles = 0.95f8§; mag and
SFRy, =24*' Mo yr".

The best model is obtained for Z = 0.008 and shown in Fig. 5.
The SFR is found equal to 32.2 + 17.8 M, yr~! consistent with
SFRy, . A strong burst involving 26 + 15% of the total mass with
an intermediate age of 55 + 32 Myr is needed to reproduce the
SED. The stellar mass is M, =3.7 + 1.6 x 10° M.

The dust attenuation is found moderate with
E(B-V);=0.21+0.05mag, with a relatively steep attenu-
ation law (0 =-0.12+0.30) consistent within 1o uncertainty
with the starburst law of C00. The resulting amount of visual
extinction is AY*™ =0.86+0.35 mag. Letting the UV bump
amplitude vary between 0 and 6, as observed in MW sighlines,
a significant bump is found with E, =3.6 +1.7. This detection
is due to the flux drop observed in the i band, the large uncer-
tainty does not allow to tightly constrain the bump amplitude
(" =25.5+£ 0.3 mag). As the PDF of the bump amplitude is cut
close to the peak of the PDF, we have performed the fit again by
letting the bump amplitude to vary between 0 and 10 and it results
in E, =5.3+2.6 with a better defined PDF, while the y* and
estimations for the other output parameters remain unchanged.
We also performed the fit without bump and the estimation of
the SFR, M, and E(B — V), remain unchanged while the slope
of the attenuation curve becomes steeper with § = —0.31 +0.26.
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Fig. 5. Best-fitted SED for GRBH 070802. Colour and symbols conven-
tion as in Fig. 4.
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Fig. 6. Best-fitted SED for GRBH 080605. Colour and symbols conven-
tion as in Fig. 4.

with a higher x?. A metallicity of Z=0.02 returned a slightly
higher Xz with similar values for the SFR, the stellar mass,
§ and Ay,

4.2.3. GRBH 080605

The Balmer lines are measured by Kriihleretal.
(2015), corresponding to a moderate attenuation with
E(B-V)y=0.26") ] mag and A} =0.8")3) mag with an
intense star formation: SFRy, =47t}; Mg yr~'. From IRAC1
measurement, Perleyetal. (2016) derive a stellar mass of
3.4x 10" M.

The best model is obtained for Z =0.02 and shown in Fig. 6.

The SFR found equal to 44.9 +22.9 M, yr~! is in very good
agreement with the one measured with the H, flux. A recent
burst of star formation is found with an amplitude of 15 + 14%
of the total mass and an age of 75 +31 Myr. The stellar mass
is M, =123+4.2x10° M, a factor 2.8 lower than the one
measured by Perley et al. (2016). We estimate a sSFR for this
starbursting galaxy of 3.6 Gyr~!.

Dust attenuation is characterised by a colour excess
E(B-V);=0.09+0.05mag and a shallow attenuation curve
consistent with C00 (6 = —0.08 + 0.38). This results in a modest
amount of visual extinction of Ay =0.41+0.29mag. No
evidence for a UV bump is found. A metallicity of Z=0.008
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Best model for 080607 at z = 3.040. x? (Ngata) = 5.59 (9)
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Fig. 7. Best-fitted SED for GRBH 080607. Colour and symbols conven-
tion as in Fig. 4.

returned a higher )(2 with similar values for the SFR, the stellar
mass, 6 and AJ".

4.2.4. GRBH 080607

The stellar mass is measured with IRAC1 data by Perley et al.
(2016): M, =2.8 x 10'° M. No measure of the Balmer lines is
available.

We adopted a solar metallicity (Z=0.02) as measured
for the host ISM from afterglow absorption-line observations
(Prochaska et al. 2009). With only one measurement for the
dust emission, we cannot run CIGALE with a free dust compo-
nent. Instead we performed several runs varying the @ parameter
(=1, 1.5 and 2), the quality of the fits are similar. Varying «
changes the dust temperature and the position of the peak of the
dust component. The IR luminosity, SFR, stellar mass and atten-
uation vary accordingly: Lir, SFR, M, and A{*™ decrease from

~72% 10" Ly, ~70Mgyr~', ~3.4x10'°M, and ~2mag to
~1.9% 10" Ly, ~20 Mg yr~!, ~2.1x 10'° M, and ~1 mag when
a increases from 1 to 2. As expected the stellar mass remains
similar. Taking in mind this uncertainty we fix @ = 1.5, describ-
ing a galaxy extremely active in star formation. The best fit is
shown in Fig. 7.

The stellar mass fraction due to the recent burst is
8+ 11%, consistent with no burst, consequently we decide
to report the results without any recent burst. The to-
tal IR luminosity of the galaxy is Lig=3.6+1.4x10'" L,
with a SFR equal to 35.2+13.9Mgyr~'. The stellar mass,

»=2.75+0.8x 10" M,, is in very good agreement with the
one measured by Perley et al. (2016). The sSFR is equal to
1.3 Gyr™!. The dust attenuation is characterised by a colour ex-
cess of E(B—V);=0.31+0.04 mag and a flat attenuation curve
(0=0.05+0.10) consistent with C00. The resulting amount of
visual extinction is Ay = 1.39 + 0.29 mag.

The fit with a recent burst gives a slightly higher
SFR of 49.7+14Myyr~!, a slightly lower stellar mass,
M, =2.3+1x10'°M,, and similar colour excess and slope for
the dust attenuation.

4.2.5. GRBH 080805

The Balmer lines are measured by Kriihler et al. (2015). They
derive a high colour excess although with a large uncertainty,

Best model for 080805 at z = 1.510. x? (Ngata) = 0.74 (6)

""" Stellar unattenuated
—— Dust emission

100 { = Model spectrum
4 Observed fluxes

Flux [mJy]

Relative residual flux

10° 10 10?2 103 104 10° 106
Observed wavelength [um]

Fig. 8. Best-fitted SED for GRBH 080805. Colour and symbols conven-
tion as in Fig. 4.

E(B - V), =0.78*037 mag corresponding to an attenuation A%

of 2.4*)3mag, and a highly uncertain star formation rate,

SFRy, =45f;2 Mg yr~!. The stellar mass derived from IRACI

measurement by Perley et al. (2016) is M, =7.2 x 10° M.

The best model is obtained for Z =0.02 and shown in Fig. 8.
The SFR is found equal to 20.6 + 12 M, yr~! is in agreement
with the one measured with the H,, flux within errorbars. A burst
of star formation is found with an amplitude of 22+ 16% of
the total mass and an age of 60+ 33 Myr. The stellar mass is
M, =3.4+1.7x10° M. We estimate a sSFR for this galaxy of
6 Gyr~!'. The dust attenuation is characterised by a colour ex-
cess E(B—V),=0.37 £0.07 mag and a steep attenuation curve,
similar to that of the SMC (6 = —0.45 + 0.24). This results in an
amount of visual extinction of AJ" =1.06+0.34 mag. No evi-
dence for a UV bump is found. A metallicity of Z = 0.008 returns
aworse y> with similar values for the SFR and stellar mass but dif-
ferent values for the dust attenuation: ¢ (—0.19 +0.23) and Ai}m
(1.38 +£ 0.47 mag).

In order to improve the agreement between the SFR found
from the SED and from H, measurements, we checked whether
the presence of a very young starburst could enhance the current
star formation rate. We ran again CIGALE with a recent burst
taking place within the last 10-20 Myr. The SFR increases to
48.2+29.9 M, yr~!, in very good agreement with the H, mea-
surements. The burst of star formation is found with an ampli-
tude of 22 + 16% of the total mass and an age of 15 +4 Myr. As
expected, the stellar mass is reduced to M, =2.9 + 1.6 x 10° M.
The attenuation curve becomes shallower, but still steeper than
the one of C00, with 6 =—0.25 £+ 0.24 and the amount of attenu-
ation in the optical increases to A" = 1.53 +0.5 mag. This in-
direct use of the H, emission line indicates that a very recent
episode of star formation can explain the measured SFRy, . In a
future work, taking into account the emission lines in the fit would
allow to probe star formation at timescales lower than 20 Myr.
We retain the result with a burst age older than 20 Myr as the
reference.

4.2.6. GRBH 100814A

The Balmer lines are measured by Kriihler et al. (2015), they de-

rive a colour excess of E(B— V), =0.08*):2¢ mag corresponding

to an attenuation of Al\i,nes :O.24f8:§4 mag, and the lowest SFR
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Best model for 100814A at z = 1.440. x? (Ngata) = 2.58 (6)
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Fig. 9. Best-fitted SED for GRBH 100814 A. Colour and symbols con-
vention as in Fig. 4.

of our sample with SFRy, = 3.2%3 Mgyr~!. The stellar mass
measured from the IRAC1 measurement in Perley et al. (2016)
is M, =3.3%x10° M.

The best model is obtained for Z = 0.008 and shown in Fig. 9.
No recent burst of star formation is added to the SFH. The
SFR is equal to 4 +2.3 My yr~! which is in good agreement
with the one measured with the H, flux. The stellar mass is
M, =2.9+0.8x 10° M, in agreement with the one measured by
Perley et al. (2016). We estimate a sSFR of 1.4 Gyr~!.

The dust attenuation is characterised by a colour ex-
cess E(B—V);=0.05+0.04 mag and a flat attenuation curve
(6=0.09£0.51). This results in an amount of visual extinc-
tion of AY** =0.35+0.4 mag. No evidence for a UV bump is
found. A metallicity of Z=0.02 returned an equivalently good
fit with very similar values for the SFR, the stellar mass, 6 and
Ai}a“. A recent burst in the SFH leads to an SFR estimation of

17.2 + 14.2 M, yr~" and a colour excess of 0.16 + 0.07 mag which
are not in agreement with the SFRy, and the colour excess de-
rived from the Balmer lines Kriihler et al. (2015). For this reason,
we keep the results without any recent burst in the SFH as the
reference.

4.2.7. GRBH120119A

The Balmer lines are measured by Kriihleretal. (2015),
they derive a colour excess for the emission lines of
E(B-V), = 0.35f8:%g mag corresponding to a visual attenuation
of Alines = 1.07*099 mag, and a SFRy, of 43*2} M, yr™'. The stel-
lar mass measured from the IRACI measurement in Perley et al.
(2016) is 8 x 10° M.

The best model is obtained for Z=0.008 and shown in
Fig. 10. The SFR is found equal to 25.5 + 14.1 Myyr~! marginally
consistent with the one measured with the H, flux. A burst
of star formation is found with an amplitude of 23+ 15% of
the total mass and an age of 64 +33 Myr. The stellar mass is
M, =3.8+1.2x10° M, a factor of 2.1 lower than the one mea-
sured by Perley et al. (2016). We estimate a sSFR for this star-
bursting galaxy of 6.7 Gyr~!. The dust attenuation is characterised
by a colour excess E(B — V); = 0.24 + 0.06 mag and a attenuation
curve steeper than the one of C00 (6§ = —0.39 +0.22). This results
in an amount of visual extinction of A" =0.74 + 0.28 mag. No
evidence for a UV bump is found. A metallicity of 0.02 returned

Best model for 120119A at z = 1.720. x? (Ngata) = 1.60 (6)
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Fig. 10. Best-fitted SED for GRBH 120119A. Colour and symbols con-
vention as in Fig. 4.

a slightly worse Xz with similar values for the SFR, stellar mass,
§ and Ay,

As for GRBH 080805, in order to improve the agreement be-
tween the SFR found from the SED and from H, measurements,
we checked whether the presence of a very young starburst could
enhance the current star formation rate. We ran again CIGALE
with a recent burst taking place within the last 10-20 Myr. The
resulting fit is slightly better with a lower 2. The SFR increases
to 44.4 +26.6 M, yr~', in very good agreement with the H, mea-
surements. The burst of star formation is found with an ampli-
tude of 16 + 15% of the total mass and an age of 15 +4 Myr. The
stellar mass is only reduced to M, = 3.6 + 1.4 x 10° M. The at-
tenuation curve becomes shallower with 6 =—-0.29 +0.24. The
amount of attenuation is AJ"* =0.95 +0.39 mag. We keep the
result with a burst age older than 20 Myr as the reference.

4.3. Star formation activity and SFR-M, comparison

The results of the SED fitting are reported in Table 3. The sce-
nario with a recent burst on top of a delayed star formation his-
tory is favoured over a delayed only SFH for five of our seven GRB
host galaxies. Generally, our stellar mass estimates are lower than
in Perley et al. (2016) where stellar masses are derived from the
IRAC 3.6 um luminosities using a continuous SFH. In order to
check whether this difference is due to the SED fitting algorithm or
to the adopted SFH we perform our fits with a constant SFR over
1-3.5 Gyr similarly to the method in Perley et al. (2016). How-
ever, we are using all the photometry data and not only the IRAC1
detection, and the stellar population age was fixed according to
the stellar mass in Perley et al. (2016) which is not the case in our
method. In the right panel of Fig. 11 we compare the SFR derived
with a continuous SFH and our results to the SFRy, derived in
Kriihler et al. (2015). The continuous SFH leads to lower SFR es-
timates that are not consistent with the SFRy, except for GRBHs
080607 and 100814 A where a recent burst is not required. On the
contrary, the SFRs we derive with the delayed or delayed + burst
SFH are always found in agreement with the SFRy,. As shown
in the left panel of Fig. 11, the assumption of a constant SFR also
impacts the mass measurements and our stellar mass estimates are
lower (up to a factor three) than the ones in Perley et al. (2016) ex-
ceptfor GRBHs 080607 and 100814 A. The fact that we include all
observations instead of just the IRAC1 measurement might partly
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Table 3. Results of the SED fitting.

A&A 617, Al41 (2018)

Ident z SFR M, A g((g_:vv)); 0 sSFR Recent burst
GRBH Mgyyr™! 10° My mag slope Gyr™! y/n
061121 1.31 62.0+25.7 69+24 0.88+0.30 0.28 0.22+0.2 9.0+49 y
070802 2.45 322+17.8 37+1.6 0.86 +0.35 0.71 -0.12+0.30 8.7+6.1 y
080605 1.64 449+229 123+42 0.41+0.29 0.35 -0.08+0.38 3.6x22 y
080607 3.04 352+139 275+82 1.39+0.29 - 0.05+0.10 1.3+0.6 n
080805 1.5 20.6+12 34+1.7 1.06 +0.34 0.47 -045+0.24 6.1+4.6 y
100814A 1.44 4+£23 29+0.8 035+04 0.6 0.09+0.51 1.4+09 n
120119A 1.73 25.5+14.1 3.8+1.2 0.74 +0.28 0.68 -0.39+0.22 6.7+4.3 y
2.5 2.5 3.0
10.5 . H
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oo § Do 05| § e h . . 15%
RS8583§ Ng858%s§ 3o N
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0.5
Fig. 11. Left: stellar masses estimated from: IRAC1 measurement 05
in Perley etal. (2016, red), this work with either a delayed or © Muer - SFRucr
delayed + burst SFH (green), CIGALE using same configuration as in 0.0 Llo.o
Table 2 but with a continuous SFH with a main stellar population age 2.0 9:3 1&8 M [Nllo.]s 11.0 115
10 * (0]

between 1 and 3.5 Gyr (blue). Right: SFR estimated from: H, measure-
ment from Kriihler et al. (2015) and Vergani et al. (2017, red) this work
using either a delayed or delayed + burst SFH (green), CIGALE using
same configuration as in Table 2 but with a continuous SFH with a main
stellar population age between 1 and 3.5 Gyr (blue).

explain the observed difference in some cases. In all cases the fits
return a worse x> with a continuous SFH compared to delayed
or delayed + burst SFH. We conclude that the discrepancy on the
stellar mass estimation is mainly explained by the introduction of
a strong and recent burst.

Figure 12 represents the main sequence of all GRBHs having
a stellar mass estimation in Perley et al. (2016) and a SFRy, in
Kriihler et al. (2015). The main sequence of star-forming galax-
ies for z=0.5, 1.5 and 3, covering the GRBH redshifts, are
represented using the relation from Schreiber et al. (2015). For
the four GRBHs (061121, 080605, 080805, 120119A) with a
delayed + burst SFH, our lower stellar mass estimates shift the
galaxies to the starbursts domain we define as four times the main
sequence. These objects are dusty starbursting hosts and we do not
expect such a strong effect for all GRB host galaxies, as illustrated
by GRBH 100814A. Comparing our results with Kriihler et al.
(2011), we find that our SFR estimations are consistent within
errorbars for the 4 galaxies we have in common. We derive higher
stellar mass for GRBH 080605 and GRBH 080607. They were
limited to optical/NIR data up to the Ks band, which explained
the difference with our stellar mass estimation as we have a better
NIR coverage. The old stellar population contributes significantly
to the total stellar mass and dominates the NIR stellar emission,
so the use of IRAC1 (and IRAC2 for GRBH 080607) detections
allows a more reliable stellar mass estimation.

Given the importance of the stellar mass estimation in the
evidence of a mild metallicity threshold (Vergani et al. 2015,

Fig. 12. SFR-stellar mass relation. Blue points represent stellar masses
from Perley et al. (2016) and SFR from Kriihler et al. (2015) where we
highlighted the GRBHs in our sample using a star symbol and the corre-
sponding name. The colour map encodes the redshift. The black circles
with blue interiors correspond to the GRBHs of our sample with SFR
and stellar masses derived from the SED fitting. The grey lines represent
the main sequence relation from Schreiber et al. (2015), the dashed line
is four times the main sequence at z = 1.5 representative of starbursting
galaxies (most of our our GRBHs are at z~ 1.5).

2017; Japelj et al. 2016) necessary to form long GRB (LGRB),
it would be of interest to revisit GRBH stellar masses estima-
tion on a larger sample. LGRB hosts also offer the opportunity to
identify and study distant low mass (~108-10'" M) starbursting
galaxies generally absent or badly represented in blind surveys.

5. Dust attenuation in GRBHs

In this section, we first characterise the attenuation curves we
derived for the seven GRBHs of the Golden sample. Then we
study the characteristics of the dust attenuation as a function of
GRBH properties (the stellar mass, SFR, sSFR, and Ai}ars). We
compare the attenuation curves derived from the SED fitting with
the extinction curves along the GRB l.o.s. and finally compare
these results to radiative transfer simulations to constrain dust-
stars geometry in the ISM of these GRBHs.

5.1. Measure of the attenuation curve slopes

The dust attenuation is described using Eq. (6) where the
colour excess, E(B—V),, and the attenuation slope, 0, are
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Fig. 13. Probability density functions of the attenuation slope for the
GRBHEs.

free parameters. The probability density functions obtained
with CIGALE for the attenuation slope of each GRBH are
shown in Fig. 13. They are well defined with the exception of
GRBH 100814A whose PDF is too flat due to the low amount of
dust within the host galaxy characterised by a colour excess of
EB-V)y= 0.0Sf%S mag for the emission lines (Kriihler et al.
2015) and E(B— V), = 0.048f8:8§ mag for the stellar continuum.
Therefore we will not consider this galaxy in the following.

There are a great variety of slopes with GRBH 070802,
GRBH 080605 and GRBHO080607 similar to the Calzetti
attenuation law defined by 6=0. The attenuation curve
of GRBHO061121 is flatter than C00. GRBHO080805 and
GRBH 120119A have an attenuation curve slope as steep as the
mean SMC extinction curve, corresponding to é ~ —0.5.

5.2. Variation of the slope with GRB host properties

Figure 14 represents the variation of the attenuation curve slope,
0, with some physical properties of the GRBH. We only have
seven GRBHs in the sample so the conclusions are statisti-
cally limited. In the first panel representing the evolution of
0 with Ai}ars, although no obvious trend is seen with a vi-
sual inspection of the plot, the orthogonal distance regres-
sion shows a trend with highly attenuated galaxies having flat-
ter attenuation curves. This trend has already been observed
for galaxies at z=1.5-3 (Salmon et al. 2016) and for galax-
ies at 0.5<z<2 (Kriek & Conroy 2013). Radiative transfer
simulations (i.e. Witt & Gordon 2000; Chevallard et al. 2013)
also predict a steeper dust attenuation curves at small attenuation
optical depths, and shallow attenuation curve at larger optical
depths. In the second panel, representing the variation of 6 with
the stellar mass, a clear trend is seen with lower (higher) stellar
masses correlating with steeper (shallower) attenuation curves.
This is also in agreement with the work of Salmon et al. (2016)
where the more massive galaxies in their spectroscopic redshift
sample tend to prefer “starbust” (i.e. shallow) dust attenuation
curves and less massive galaxies the SMC92 (i.e. steep) dust at-
tenuation curves.

The third panel represents the variation of 6 with the SFR and
a clear trend is seen: GRBH with low (high) SFR have steeper
(shallower) attenuation curves.

The bottom panel represents the evolution of § with the
sSFR and again although no trend can be seen with a visual
inspection, the orthogonal distance regression shows that steep
(shallow) attenuation curves are found in the more (less) active
GRBHs. However the large uncertainties make this trend very
uncertain. This result contradicts the results in Kriek & Conroy
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Fig. 14. Top: attenuation curve slope as a function of the SED contin-
uum amount of attenuation. Middle top: attenuation curve slope versus
the stellar mass. Middle bottom: attenuation curve slope versus the SFR.
Bottom: attenuation curve slope versus the specific SFR. The blue points
correspond to the quantities derived with CIGALE. The black dashed
line represents the slope of the mean SMC extinction curve and the
yellow dashed line the slope of the Calzetti law. The grey dash-dotted
line illustrates the best fit using an orthogonal distance regression (us-
ing SciPy’s scipy.odr). The y?, number of degrees of freedom and Null
Hypothesis Probability (NHP) of these fits are indicated.

(2013) which show that high H,, equivalent widths (i.e. high sS-
FRs) correlate with flat attenuation curves.

5.3. Global dust attenuation and dust extinction along GRB
lo.s.

Top panel of Fig. 15 represents the evolution of the amount of
dust extinction along the GRB l.o.s. as a function of the amount
of dust attenuation averaged over the whole GRBH. We see
that they are correlated and GRB l.o.s. are dustier than the av-
erage attenuation of the host galaxy. The orthogonal distance
regression returns the relation Ai}ars =(0.71£0.11) x A%,rb for our
sample. The LGRB progenitors are expected to be a result
of the collapse of young massive stars and thus they should
suffer more attenuation than the more evolved stellar popula-
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Fig. 15. Top: amount of global attenuation in the GRBH in the V band
as a function of the amount of extinction in the V band along the GRB
l.o.s. Middle: colour excess for the stellar continuum as a function of the
colour excess for the Balmer lines. The grey line represents the C0OO re-
lation. Bottom: amount of attenuation of the Balmer lines in the V band
as a function as the amount of extinction in the V band along the GRB
L.o.s. For all panels the grey dash-dotted line represents the best fit using
an orthogonal distance regression (using SciPy’s scipy.odr) and the grey
shaded area its 1o~ uncertainty. The y?, number of degrees of freedom
and Null Hypothesis Probability (NHP) of these fist are indicated.

tion which had enough time to migrate outside their birth clouds
(e.g. CO0, Charlot & Fall 2000; Granato et al. 2000). On a larger
sample of 23 GRBHs selected with the criteria of having an ob-

scured GRB lL.o.s. (A’f,rb > 1 mag), Perley et al. (2013) find a sim-

ilar trend: A < A%®. However for A" < 1 mag, corresponding
to less massive galaxies they find the opposite trend although
dispersion is large. The middle panel of Fig. 15 represents the
evolution of the colour excess for the stellar continuum as a
function of the colour excess for the Balmer lines. For our sam-
ple, we have E(B—V);=(0.51+0.08) X E(B—V),, which is in
agreement with C00. The bottom panel of Fig. 15 represents the
amount of attenuation for nebular lines in the V band as a func-
tion of the amount of extinction along the GRB l.o.s. The or-
thogonal distance regression returns: A'\‘}“es =(1.18+0.22) x A%,rb
which is consistent with the 1:1 relation within 1o uncer-
tainty, meaning that the GRB and HII regions suffer a similar
attenuation.

5.4. Comparison of extinction and attenuation curves

The attenuation curves derived by the SED fitting are compared
to the extinction curves along GRB l.o.s. on Fig. 16. There is
a great variety of cases that can be sorted into three categories.

Category A, in which the attenuation curve is shallower than the
extinction curve (061121 and 080605), category B, in which both
attenuation and extinction curves are similar (080607, 070802,
120119A), and category C, in which the attenuation curve is
steeper than the extinction curve (080805). The attenuation
curves of 061121, 080605, and 080607 are consistent with the
Calzetti law, those of 070802, 080805, and 120119A are not.
We note than the better constrained attenuation curves are those
with radio (GRBH 061121) and sub-millimeter (GRBH 080607)
detections.

5.4.1. General shape

Category A corresponds to the case with a flat attenuation curve
and a steeper extinction curve. A far-UV rise in the extinction
curve indicates the presence of small silicate grains and the UV
bump the presence of PAHs or small carbonaceous grains. A
shallow attenuation curve is usually obtained for high optical
depth (Witt & Gordon 2000; Seon & Draine 2016), highly in-
clined galaxies (Pierini et al. 2004; Inoue 2005), a high den-
sity environment (Inoue 2005) or a clumpy ISM (Witt & Gordon
2000; Seon & Draine 2016).

Category B corresponds to similar attenuation and extinc-
tion curves. At low optical depth an ISM in which dust and
stars are uniformly mixed or stars surrounded by dust (shell
geometry) with homogeneous and clumpy local dust distribu-
tion can reproduce an attenuation curve with a similar slope
as the extinction curve, even as steep as the SMC extinction
curve (Witt & Gordon 2000). At higher optical depth only the
shell geometry with an homogeneous dust distribution is able
to produce such a steep attenuation curve from SMC dust type
(Witt & Gordon 2000).

The case of GRB/GRBH 080607 is interesting because it
has the highest redshift in our sample and the extinction curve
is unusually flat. This may be due either to variations of dust
properties and/or geometry in the ISM. The geometrical effect
is supported by the detection of a molecular cloud in the after-
glow spectrum at >100pc from the GRB, probably arising in
a neighboring star-forming region (Prochaska et al. 2009). An-
other possible explanation of the flat extinction curve is due
to the dust composition: in the earliest evolutionary stage of
dust evolution the dust content is dominated by large grains
originated from stellar sources which results in a flat extinc-
tion curve (<1 Gyr). Later on, the abundance of small grains in-
creases through shattering and accretion processes which results
in the progressive apparition of a 2175 A bump and a steeper
extinction curve (Asano et al. 2013, 2014). This explanation can
be supported by the redshift of GRBH 08607 of z=3.04 which
corresponds to an age of the Universe of about 2.1 Gyr adopting
the ACDM cosmology of Planck Collaboration XIII (2016). The
rather high value of Ry ~4 measured from the extinction curve
is also indicative of a large grain size distribution though the un-
certainty is quite large (Prochaska et al. 2009; Zafar et al. 2011).
The forthcoming SVOM mission might potentially bring more
data to constrain the dust evolution processes at high redshift.

Category C corresponds to an attenuation curve steeper than
the extinction curve. A steep attenuation curve can be the re-
sult of a low optical depth (Witt & Gordon 2000; Seon & Draine
2016) for example in a face-on galaxy. It may also result from an
age-dependent attenuation where the young stellar population is
embedded in dense clouds and more attenuated than the old stel-
lar population which had time to migrate to the more diffuse ISM
(e.g. Inoue 2005).
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Fig. 16. Top: GRBH 061121, GRBH 070802 and GRBH 080805, bottom: GRBH 080605, GRBH 080607 and GRBH 120119. The solid black line

grb

is the extinction curve normalised to A5,

, the blue one is the attenuation curve normalised to A3 and the green one is the normalised Calzetti

law. The blue shaded area represents the 1o~ uncertainty on the attenuation curve.

Table 4. Summary of the comparison with radiative transfer model of Seon & Draine (2016).

Dust model ISM structure
061121 WD-LMC Dusty + Very clumpy
070802 WD-LMC Dusty + Very clumpy
080605 WD-LMC Dusty + Very clumpy
080607 WD-MW Shell + Clumpy
080805 WD-MW  Dusty + Homogeneous or Shell + Clumpy
120119A  WG-SMC  Dusty + Homogeneous or Shell + Clumpy

5.4.2. Presence of the UV bump in the attenuation curves

For many years, there has been a debate whether a Calzetti-
like attenuation curve can ever arise if the underlying extinction
curve exhibits a UV bump. While the works of Gordon et al.
(1997), Witt & Gordon (2000) and Pierini et al. (2004) sug-
gested that a Calzetti-like attenuation law implies a bump-
free extinction curve, for example, a SMC-like law, Silva et al.
(1998) and Granato et al. (2000) could reproduce a Calzetti-like
attenuation law with an underlying MW extinction curve. In
our sample of GRB extinction curves, five out of six exhibit a
UV bump with four spectroscopically confirmed detections. The
presence or lack of a UV bump in the attenuation curves should
provide valuable information.

The UV bump is best constrained using spectroscopic mea-
surements of galaxies (e.g. Noll et al. 2007) but intermediate filter
bands also allow to constrain the bump amplitude (e.g. Buat et al.
2011; Kriek & Conroy 2013). However, this is very difficult us-
ing broad filter bands only as it relies only on one filter band
overlapping the UV bump with a passband width higher than the
bump width. In our sample, GRBHs 061121, 070802, 080605,
080805 and 120119A have a filter band which overlaps the UV
bump. The rest-frame spectral coverage of each GRBH observa-
tion can be seen in Appendix C. For GRBH 070802, we already
reported a bump amplitude of Ey, = 5.3 £ 2.6 in Sect. 4.2.2. For the
other GRBHs, we already ran CIGALE with the same configura-

tion as described in Sect. 4.1 with a varying UV bump amplitude
(Ep > 0) and did not find clear evidence of its presence. The PDFs
of the UV bump amplitude exhibit a simple power law shape
with the highest probability associated to an amplitude of zero
and a decreasing probability as the amplitude increases. Given
the rather weak UV bump amplitudes measured in the extinction
curves, we run CIGALE again letting the UV bump amplitude
vary from -2 to 2 this time, similarly as in Buat et al. (2012), in
order to obtain better defined PDFs for a more reliable Bayesian
estimation of the UV bump amplitude if PDFs are centred around
zero. The results are reported in Table 5, all UV bump amplitudes
are compatible with zero within 1o~ uncertainty. The estimation
of the other parameters remain unchanged. We conclude that we
do not find evidence of a UV bump with the possible exception
of GRBH 070802, but we can not exclude the presence of a weak
UV bump in the attenuation curves. Further observations using
spectroscopy or intermediate filter bands are required in order to
have a better constraint.

5.5. Comparison with radiative transfer simulations

To investigate the ISM geometry, we compared the derived
attenuation curves with CIGALE with the results of the re-
cent radiative transfer code developed by Seon & Draine (2016).
This model offers the possibility to choose between three

— Page 112
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Table 5. Constraints on the UV bump amplitude when allowed to vary
between —2 and 2 in the CIGALE run.

GRBH Filter band  Epexe =3 /y? Ep .
overlapping
UV bump
070802 Yes 1.49+0.30 53+2.6
080605 Yes 1.19£039 -0.26+1.12
080607 No 2.05+0.48 -
080805 Yes 1.33+£0.70 -0.16x1.14
120119A Yes None 0.69 +0.97
061121¢ Yes No spectro. 0.03+0.96

Notes. @ GRB 061121 is the only afterglow for which the extinction
curve is derived with photometric data only.

theoretical dust models adopted from Weingartner & Draine
(2001) and Draine (2003) for the MW, LMC, and SMC-
bar, and two empirical models for the MW and SMC from
Witt & Gordon (2000). The former dust models are noted WD-
MW, WD-LMC and WD-SMC and the later WG-LMC and WG-
SMC.

We selected the dust model according to the GRB extinc-
tion curves (cf. Table 4). Following Schady et al. (2012) GRB
061121 is best fitted with a LMC-like extinction curve®. The ex-
tinction curve of GRB 070802 is very similar to the mean LMC2
super shell extinction curve (Gordon et al. 2003) so we choose
a LMC dust model. The far-UV rise of the extinction curve of
GRB 080605 is similar to an SMC extinction curve, however due
to the spectroscopically confirmed detection of a UV bump, we
chose an LMC dust model. For GRB 080607 and GRB 080805
due to the flat FUV part and the presence of a UV bump, we se-
lect a MW dust model. For GRB 120119A, we choose an SMC-
like dust model according to Zafar et al. (2018). For SMC and
MW like extinction curves both theoretical and empirical dust
models are tested and we kept the one reproducing the best the
attenuation curve derived with CIGALE.

The attenuation curves computed with the radiative transfer
model of Seon & Draine (2016) are defined with three parame-
ters: Ty, Ry/Rq and M. Ty is the optical depth in V band and take
discrete values between 0.1 and 20. R;/R4 corresponds to the ra-
tio of the distribution radius of stars and dust respectively, it takes
discrete values between 0 and 1. Ry/R4 = 0 corresponds to a com-
pact OB association surrounded by a cloud and Ry/Rq =1 cor-
responds to the uniform distribution of photon sources over the
spherical dusty medium (similar to the “DUSTY” configuration
of Witt & Gordon 2000). To qualitatively assess our results we
followed a formalism similar to the one of Witt & Gordon (2000)
by referring to a Dusty ISM for Ry/Ry > 0.8 when stars are ap-
proximately uniformly distributed with dust and to a Shell ISM
for Ry/Ry < 0.5 with the stars surrounded by a dust cloud. M is
the Mach number governing the variance of the ISM density field
, in other words, quantifying the clumpiness of the ISM. It takes
discrete values between 0 and 20. M, = 0 corresponds to a homo-
geneous ISM and M, = 20 to a very clumpy ISM. In the following,
we will refer to a homogeneous ISM for M < 3, to a Clumpy ISM
for 4 < M, <15 and to a Very Clumpy ISM for M; > 15.

We compared the attenuation curves derived with CIGALE
to the attenuation curves computed with the radiative trans-
fer model for the different values of v, Ry/R4q, M. For each

3 We note that Covino et al. (2013) derived an SMC extinction curve
for GRB 061121. We have tested both WG-SMC and WD-SMC dust
model and obtained similar results.

attenuation curve derived with CIGALE, a y? grid is then built
using

i
O.iSED

R
Xy, =, M) =

Ry

Naaa ( ART _ ASED 2
A, S
( - ] ®)

i=1
with ART the amount of attenuation from the radiative trans-
fer model of Seon & Draine (2016), ASEP and oPFP the
amount of attenuation and its lo uncertélinty derived with
CIGALE. These quantities are evaluated at the Ng,, Wwavelengths
used by Seon & Draine (2016) and covering the GRB hosts
observations.

From the y? grid, we compute the PDF of each parameter
by marginalising the PDF over the two other parameters. The
PDFs are shown in Fig. 17 and the results are summarised in
Table 4. The cases of GRBH 061121, 070802, 080605 are sim-
ilar with a low optical depth and high values for R,/R4 and
M indicating that a Dusty and Very clumpy ISM best repro-
duces the attenuation curves derived with CIGALE. Simula-
tions with R;/Rq> 1 are not provided in the publicly available
simulations of Seon & Draine (2016)*. It would be interesting
to perform radiation transfer simulations with values of Rs/Ry4
higher than 1 as in the work of Witt & Gordon (2000) where the
CLOUDY configuration has Rs/R4q ~ 1.45. For GRBH 080607,
the Rs/Rq PDF peaks at ~0.5 and the M PDF disfavours a ho-
mogeneous ISM comparing to a Clumpy or even Very clumpy
ISM. For GRBH 080805 and 120119A, both having steep atten-
uation curves, a bimodal solution is found with either a Dusty-
homogeneous ISM or a Shell-Clumpy ISM. The attenuation
curves computed with the radiative transfer model best fitting
the attenuation curves derived with CIGALE are represented
in Fig. C.1. All attenuation curves computed with the radiative
transfer model with a LMC or MW dust grain type that best fit
the CIGALE attenuation curves exhibit a UV bump but the un-
certainty associated to the CIGALE attenuation curves does not
allow to constrain them.

6. Conclusion

We have selected 30 GRBs with a rest-frame coverage from UV
to optical and find that the type of GRB extinction curves and
the amount of extinction along the GRB l.o.s. correlate with the
host galaxies properties with the more extinguished GRBs pref-
erentially found in the more massive hosts. The UV bump is also
preferentially found in the most extinguished GRB l.o.s. It fol-
lows that without a rapid follow-up there is an observational bias
towards SMC-like extinction curves for GRBs. This correlation
presumably indicates that the GRB afterglow probes along its
l.o.s. not only the dust in the vicinity of the burst but also the
dust located at large distances to be representative enough of the
host galaxy.

From these 30 GRBs we have selected seven host galaxies
whose SEDs have photometric measurements of the UV rest-
frame emission and a UV-to-NIR spectrum reasonably well sam-
pled (with at least six bands). The results of our SED fitting show
that a recent burst of star formation is required for five out of
seven GRBHs to recover the SFR measured from H,, flux. This
leads to a lower estimate of the stellar masses than the ones de-
rived in Perley et al. (2016) using a mass-to-light relation with
the IRAC 3.6 um luminosities. Consequently these GRBHs are
shifted to the starburst domain, defined as four times the star-
forming main sequence. For these relatively dusty GRBHs, we

4 https://seoncafe.github.io/MoCafe.html
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Fig. 17. Probability density functions of Ty, Rs/Rq and M, for each GRBH with the chosen dust model.

find that GRB and HII regions suffer a similar attenuation. Our
estimates of the amount of attenuation for the whole galaxy, de-
rived from the SED fitting, correlate with the amount of extinc-
tion along the GRB lL.o.s., with the galaxy attenuation amounting
to about 70% of the GRB l.o.s. extinction. The ratio of colour
excess between the stellar continuum and the Balmer lines is
consistent with the one of CO0.

The attenuation curves derived from the SED fitting show a
great variety of cases: the attenuation curves have flatter, similar
or steeper slopes than the extinction curves. Half of the sample
is consistent with the COO law and there is evidence of a UV
bump in only one attenuation curve. We find that steeper (shal-
lower) attenuation curve slopes are found preferentially in the
less (more) massive galaxies and with higher (lower) SFR and
AY™™. These trends encourage us to further study these possible
correlations on a larger sample of GRBHs.

Comparing our results with the radiative transfer simulations
in Seon & Draine (2016), we find a variety of dust-stars geome-
tries. For half of the sample, a uniform distribution of stars and
dust with a very clumpy local dust distribution reproduces the
derived attenuation curves the best. In one case, the ISM struc-
ture is best represented with stars surrounded by a dust cloud
with a clumpy local dust distribution. For the two steepest at-
tenuation curves, two configurations are found almost as likely,
either a uniform distribution of stars and dust with a homoge-
neous local dust distribution or stars surrounded by a dust cloud
with a clumpy local dust distribution.

This method is promising and a dedicated radiative transfer
simulation on each of these objects would allow to understand
more precisely the dust-stars distribution in these GRBHs.
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Appendix B: SED data for the golden sample
B.1. GRBH061121

Multi-wavelength data of the host galaxy are available from
Perley et al. (2015). It was one of the four galaxies detected in
radio from their VLA survey at 3 GHz. The galaxy was also ob-
served in the optical (uBgiz with the Keck-I/LRIS, R with the
VLT/FORS2) and near-IR (J with the P200/WIRC, K with the
VLT/ISAAC and 3.6 um with Spitzer/IRAC).

B.2. GRBH 070802

The galaxy was observed by Eliasdéttir et al. (2009) with the
VLT and detected in the R band of the VLT/FORS2 and K
band of the VLT/ISAAC. Kriihler et al. (2011) reported detec-
tions with the i band of the NTT/EFOSC and J band of the
VLT/HAWK-I. Further detections in the NIR are reported by
Perley et al. (2013) with the HST/WFC3 in F105W and F160W
and with Spitzer/IRAC. We decided to keep only the IRAC2
measurement as the IRAC1 measurement is affected by a bright
star (Perley et al. 2013).

B.3. GRBH 080605

The host galaxy is observed by Krithleretal. (2011) with
GROND and detected in the griz bands. The HST observa-
tions (WFC3/F160W) and LIRIS observation (J, Ks) are reported
by Kriihler et al. (2012) and IRAC1 magnitude by Perley et al.
(2016).

B.4. GRBH 080607

We used the photometric data published in Perley et al. (2013)
from the observations first reported by Chen et al. (2010): the
gVIK data from the Keck-I observations (LRIS and NIRC), a
deep r-band measurement from the Magellan/IMACS, and near-
IR measurements with HST/WFC3 (F160W) and Spitzer/IRAC
(IRACI1 and IRAC2). ALMA flux at 345 GHz is reported by
Wang et al. (2012).

B.5. GRBH 080805

Kriihler et al. (2011) reported photometric observations of the
host with the NTT/EFOSC (VRi bands) and the VLT/HAWK-I

(JK bands). The HST observations (WFC3/F160W) are reported
by Blanchard et al. (2016) and IRACI magnitude by Perley et al.
(2016). We discarded the i measurement whose error is twice
larger than in the V, R bands.

B.6. GRBH 100814A

The photometry for the host galaxy is taken from Nardini et al.
(2014): we consider the last available griz GROND observations
where the host dominates the afterglow, 63 days after the burst
for iz and 145 days after the burst for gr. De Pasquale et al.
(2015) reported a J detection with the Calar Alto 3.5m tele-
scope three years after the burst. We do not consider UVOT
data as they are available for only six days after the burst
and likely to be contaminated by the GRB afterglow. The
Spitzer/IRAC observations were carried out and reported by
Perley et al. (2016) and the target was detected in the IRACI
channel.

B.7. GRBH120119A

Some of the Morgan et al. (2014) observations were conducted
at a late epoch after the burst. The host galaxy was clearly de-
tected and its emission measured with the Keck/LRIS in the
B, R, and RG850 bands 0.85 year after the burst, and with
the HST/WFC3 in the F125W and F160W bands 0.77 year after
the burst. The Spitzer/IRAC observations were carried out and
reported by Perley et al. (2016) and the target was detected in
the IRAC1 channel.

Appendix C: Best fits with radiative transfer
simulations

In this appendix, we compare the attenuation curves computed
with radiative transfer simulations of Seon & Draine (2016) best
fitting attenuation curves derived with CIGALE in Sect. 4.1 us-
ing the method explained in Sect. 5.5. Attenuation curves are
compared only at wavelengths used in the radiative transfer sim-
ulations and covered by the broad-band filter observations. Only
the best fit is reported in Fig. C.1 with the corresponding values
of Tv, Ry/Rq and M. In this Figure we also report the rest-frame
spectral coverage of each host galaxy observation’.

5 We note that fitting GRBH 061121 with a WG-SMC dust grain model
results in a better fit without UV bump but it does not change qualita-
tively the description of the ISM structure as the best values for param-
eters are: Ty =6.0,R;/Ry = 1.0 and M, = 16.
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Fig. C.1. Best fits of the attenuation curve derived with CIGALE with the ones from radiative transfer simulations of Seon & Draine (2016).
The blue errors bars correspond to the attenuation curve and associated uncertainty derived with CIGALE estimated at wavelengths used in the
radiative transfer simulations and covered by observations. The red line corresponds to the attenuation curve from radiative transfer simulations
which best fits the CIGALE attenuation curve. The black lines represent the spectral coverage of the host galaxy observations.
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Dust properties of a large GRBH sample

In the paper presented in Section IV.3 we showed that we were able to measure the main characteristics
of the attenuation curves of GRBHs and found some correlations between the slope of the attenuation
curve and the SFR and stellar mass of the galaxies. As the sample was small and statistically not
representative enough we decided to study a larger sample of GRBHs focusing on their dust properties
and star formation activities, without imposing the restrictive criteria of having rest-frame UV detection
for the GRB extinction curve. We will also use the results of the Section IV.2.3.3 to localise the GRBHs in
the parameter space of the SD16 RT model in order to infer some information about the dust type, local
dust distribution and dust-star geometry in the ISM of these GRBHs, especially through the E(B—V)—4§

diagram.

1. Selection of dusty GRBHs

One of the main objective of this section is to search for correlations between the slope of the attenua-
tion curve and some physical parameters of the GRBHs. As we have seen in Section 3 the shape of the
attenuation curve is not well constrained when the amount of dust in the V band is small, such as for
GRBH 100814A with A%°=0.2015-93 mag [JAPELJ et al., 2016]. Using the correlation we found between
the amount of extinction along the GRB line of sight, A%’,Tb and the overall attenuation in the GRBH,
Agters in our sample of dusty GRBs / GRBHs, we impose a criteria of having at least Aﬁ’,rb>0.2 mag. In
order to measure accurately the physical parameters we further require to have at least 5 photometric
measurements of the GRBH from the UV to NIR in the host rest-frame with at least one detection at a
wavelength below 2000 A as the effect of dust are more important in the UV,

To summarise, we selected the GRBH according to the following 4 criteria :

- The GRBH must have a spectroscopic redshift

- The amount of extinction in V band measured along the GRB l.o.s must be at least 0.2 mag.

- The GRBH must have been detected in at least 5 bands from UV to NIR

- One of these detections must be below 2000 A

The evaluation of A7/ ® is sensitive to the available data (photometry and/or spectroscopy) and the me-
thod used to fit these data, when different estimation of A{/ ¥ not compatible with each other exist in the
literature, we decided to include the GRB in our sample if one of the estimate is higher than 0.2 mag.
The sample is composed of 23 GRBHs presented in Table V.1, which is the largest sample of "dusty"
GRBHs covering rest-frame UV to radio data. The photometry and emission lines fluxes were compiled
from different works and are reported in Tables D.1 and D.2 of Appendix D. 19 out of of the 23 GRBHs
have available Balmer emission lines flux measurements. In the previous chapter the emission lines diag-
nostics were indirectly used to check whether our SED fitting results were in agreement with them. For
this analysis, we decide to include them directly in the SED fitting procedure, as described in the next

section.

2. SED fitting

2.1. Including emission lines in the SED fitting procedure
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2.1.1. Motivation

Very massive stars emit a significant fraction of their photons in the Lyman continuum, shortward of
91.2nm, and these energetic photons will ionise the surrounding gas and re-emits the energy in the form
of emission lines and a continuum from the UV to the radio domain. Emission lines are thus providing us
information about the recent star formation, especially through the hydrogen recombination lines. The
contribution of the nebular emission to broadband fluxes is usually negligible for quiescent star-forming
galaxies but it can be important for starbursting dwarf galaxies, very young star-forming regions and
also for some high-z galaxies [ANDERS et FRITZE-V. ALVENSLEBEN, 2003 ; BOQUIEN et al., 2010 ; STARK
et al., 2013; DE BARROS et al., 2014]. GRB host galaxies are usually quite active in star formation, as
showed in Section IV.3 where 5 out of the 7 GRBHs we studied required a burst of recent star formation,
and so the contribution of the nebular emission to the broadband SED can be important and needs to
be taken into account when studying GRBH SEDs. Emission lines were already included in our previous
work, but here we use the emission lines fluxes as an input of the SED fitting procedure and include them
in the x? computation. We start by briefly describing how the nebular emission is computed in CIGALE

and then we describe how we compute the emission line flux.

2.1.2. Modelling nebular emission in CIGALE [BOQUIEN et al., 2018]

Before explaining how we computed the emission lines fluxes, we briefly describe in this section how the
emission lines are modelled in CIGALE. The modelling of the nebular emission is based on the nebular
templates of INOUE, 2011 generated with CLOUDY [FERLAND et al., 1998 ; FERLAND et al., 2013] which
predicts the intensities of 124 lines relative to Hg from Hell at 30.38nm to NII at 205.4pum for a given
ionisation parameter, U, and metallicity, Z, which is assumed to be the same as the stellar one. The
electron density is fixed to 100 cm 3. The abundances are based on the Orion nebula and the helium and
nitrogen abundances are scaled by metallicity following the prescription in NAGAO et al., 2011.

In practice, the nebular emission spectrum is computed for the lines and continuum separately. First the
normalised emission lines luminosity spectrum is computed by selecting a template for the given U and Z.
Each line is modelled with a Gaussian shape whose line width is defined by the user. Then this spectrum
is scaled with the the ionising photon luminosity computed for the adopted composite stellar population
assuming that all Lyman continuum photons ionise the surrounding gas. If some of these photons escape
the galaxy or are absorbed by dust the emission line spectrum is reduced by factor following the pres-
cription of INOUE, 2011. In our analysis, we assume that all all Lyman continuum photons are ionising
the surrounding gas and the ionisation parameter is set to -2.

The normalised nebular continuum spectrum is computed according to INOUE, 2010 with the same para-
meters as for the lines, then it is scaled to the Lyman continuum photon luminosity in a similar manner
as for the lines. Only the hydrogen continuum is considered as helium and other metals continua are

negligible.

2.1.3. Computing emission line fluxes in CIGALE

For our analysis, all the emission lines fluxes measurement are taken from KRUHLER et al., 2015,
with the exception of GRBH 061221 taken from VERGANI et al., 2017 where they followed the same
prescription as in KRUHLER et al., 2015 to measure the fluxes. This ensures a consistency between the
measurements. Consequently we decided to implement a new module in CIGALE to compute the emission
lines fluxes in a similar manner as KRUHLER et al., 2015. As described in KRUHLER et al., 2015 : "fluzes

of emission lines were measured by fitting a superposition of Gaussian functions to the data, with the
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continuum set in small (+ 40 A ) regions around the wavelength of interest free of emission-, telluric-,
and sky-lines". Their fluxes are corrected for Galactic foreground reddening and for slit-loss based on
broadband photometry. They are not corrected for host-intrinsic extinction. The Balmer lines fluxes are
not corrected for the underlying Balmer stellar absorption as the signal to noise ratio of the emission lines
and stellar continuum is not high enough to resolve and fit the absorption component separately. From
the analysis of 1350 galaxies at z~0.8, ZAHID et al., 2011 found that the Balmer absorption correction for
Hj has an equivalent width (EW) of ~ 0.5 A for galaxies of 109 M, and ~ 1 A for galaxies of 10'° M. In
KRUHLER et al., 2015, they estimate the uncertainty associated to this correction to be on average < 5%
for Hg which is below the average statistical uncertainty on the line flux measurement. This correction
is negligible for H, as the emission line EW is large enough (> 20A in the rest-frame). The correction
will be more important for Hs and H, emission lines.
The intensities of the hydrogen recombination lines are sensitive to the initial mass function (IMF),
dust extinction and adopted stellar population synthesis (SPS) model. Among the Balmer lines, we only
considered H,, and Hg and not Hs and H, in our analysis as the low signal to noise ratio of the spectrum
did not allow to correct for the underlying Balmer stellar absorption in KRUHLER et al., 2015. Emission
lines other than hydrogen recombination lines, such as OII, OIII, Nelll and NII are not considered as they
are sensitive to more parameters such as the ionisation parameter, the metallicity leading to degeneracies,
i.e. the same flux can be computed for different combination of these parameters [STEIDEL et al., 2014].
We modified the public version v0.12 of CIGALE to reproduce the method described in KRUHLER
et al., 2015 to compute the emission line flux. This modified version of CIGALE computes emission lines
fluxes in a 3 steps procedure :

EL )\EL

min’ “‘mazx

- Definition of the wavelength range of an emission line (A ) satistying Lyepuiar > Leont = factor,

with Ljjnes the nebular emission luminosity, Leont the stellar continuum luminosity and factor arbitrarily
set to 1073.

- Computation of the continuum as the average value of two 40 A regions blueward and redward of A\EZ&

min
and AEL “respectively (illustrated by the black and red lines in Figure V.1).

- Computation of the emission line flux as the area under the green line and above the black line of the
Figure V.1.

- The computed emission line flux is not corrected for the host extinction.

This procedure is performed for each template of the SED fitting process.
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Figure V.1— Balmer emission lines fluxes computed with CIGALE for the best fit of GRBH 080207. The green and blue
lines correspond to the nebular emission and stellar continuum respectively. The red lines correspond to 40A regions
where the continuum is estimated. The black line is the mean value of the 2 40A regions. The final flux computed with
CIGALE corresponds to the area between the green and black lines.

In order to integrate the emission lines fluxes comparison to the fitting procedure, the x? is computed

in CIGALE as :

2 .2 2
Xtot = XBroadbands + XEL

NBroadbands mod obs\ 2 Ner mod obs \ 2
U S (3 it o I o [ it (V1)
Xtot = 5 0bs 0bs

i=1 i j=1 J

where F' ;\’bj’ and F ;\’bf’ are the fluxes measured from the photometric broadbands and for the emission
lines respectively. F fi"d and F ;"’;’d correspond to the fluxes computed with CIGALE for the photometric
broadbands and emission lines respectively. The broadbands and emission lines fluxes are expressed in
mJy and 10717 erg.cm~2.s7! respectively, so that they have about the same order of magnitude in order

not to give too much weight to one of the two 2.
2.2. Choice of parameters

The main parameters and range of input values are reported in Table V.2. As in our previous work,
we have adopted a delayed star formation rate (SFR o< t/72 - e~%/7), on top of which a young burst
of constant star formation with a free age and amplitude is added (see left panel of Figure V.2). This
scenario aims at reproducing both the general star formation history of distant galaxies (i.e. LEE et al.

2010; MARASTON et al. 2010 ; PFORR et al. 2012) and a possible recent burst of star formation. The SFH
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including young and old stellar populations is defined as :

t
— e t/m if t <tg—t
SFR(t) Tg (V.2)
— et e (ot T > g —

7o
with ¢y the age of the main stellar population and ¢; the beginning of the recent episode of star formation,
To and 71 the peak of stellar formation for the main population and the burst respectively. The amplitude

of the burst episode, k, is linked to the fraction of mass, fp.rst, created during the burst as :

t
to . e—t/m

t=0 .2
fbu'rst 70

Lt
1— fourst t°:t07t1 e—(t—tott1)/m1

k= (V.3)

The age of the main stellar population is free to vary from 1 Gyr up to 8 Gyrs. The peak of the star
formation is free to vary from 1 to 10 Gyrs which allows to model various shape from nearly constant

SFH (high 7) to a rising or declining exponential SFH (see Figure V.2).

le—10

SFH normalised to produce 1 Mg
w

0 1000 2000 3000 4000 5000 6000 7000 8000
Age of Galaxy [Myrs]

Figure V.2— Delayed SFH + recent burst of star formation, normalised to produce 1 solar mass. Delayed SFH with a
recent burst defined with an age of 400 Myrs and 7,=10% Myrs.

Balmer lines and UV continuum are probing the recent star formation, with a typical age lower than

100 Myrs [BOQUIEN et al., 2014], the age of the burst (i.e. the young stellar population) is allowed to
vary from 1 Myr to 100 Myr. The fraction of stellar mass in the recent burst is allowed to vary from 0 to
50% of the main stellar population with a smaller sampling between 0 and 10%.
The initial mass function of CHABRIER, 2003 is adopted with the stellar synthesis models of BRUZUAL
et CHARLOT, 2003. The metalliciy is not well constrained by broadband photometry, and so we decided
to fixed the metallicity to be the closest value to the measurements (see Table V.1). The measurements
were made using the method in MAIOLINO et al., 2008 which expressed the metallicity using the oxygen
abundance, 12+log(O/H), with the solar value being 12+4log(O/H)=8.69 [ASPLUND et al., 2009]. In
CIGALE the metallicity is defined with the mass fraction and the available values for the stellar synthesis
models of BRUZUAL et CHARLOT, 2003 are Z=0.0001, 0.0004, 0.004, 0.008, 0.02 (solar value) and 0.05.
Given the measurements span the range 8.34 < 12+log(O/H) < 9.12, we choose the metal mass fraction
to be either 0.008, 0.02 or 0.05. In CIGALE, the metallicity is assumed to be the same for the stellar
sources and the gas.

The dust attenuation is modelled differently for the nebular emission and the stellar continuum. For
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the stellar continuum, we use the SBL18 recipe defined in Section 1V.2.1.2, which offers the possibility
of varying the steepness of of the original starburst law [CALZETTI et al., 2000] and adding a bump
centered at 2175A. The nebular emission (and therefore the Balmer lines) is attenuated assuming a
simple screen model, adopting a Milky Way extinction curve using the formalism of CARDELLI et al.,
1989 with Ry =3.1 and a color excess E(B —V )jines. The nebular and stellar emission attenuation models
are linked through the ratio E(B — V)stars/E(B — V) iines with E(B — V)gtars the color excess applied
to the stellar continuum.

The input parameters to model the dust attenuation are the color excess of the nebular emission F(B —
Viines, the ratio E(B — V)stars/E(B — V)iines, and the slope, 4, of the attenuation curve applied
to the stellar continuum. The values adopted for the input parameters are summarised in Table V.2.
E(B — V)ines is varying from 0.01 to 2.0 mag. The ratio was found to be 0.44 for local starburst in
CALZETTI, 2001 but recent works found more similar values between the ionised gas and the stellar
continuum for high-z galaxies [KASHINO et al., 2013; PuGLisI et al., 2016]. Consequently, we let this
ratio vary between 0.2 and 1. The slope, 4, is free to vary between -1 and 0.5 covering the range of values
found in Section IV.2.3.3. As seen in BUAT et al., 2018 ; CORRE et al., 2018 it is extremely challenging to
detect a UV bump with wide broadband photometry only, so for this analysis, no bump was added with
the exception of GRBH 070802 [CORRE et al., 2018]. In the following the attenuation of the continuum
obtained from the SED fitting will be denoted ASf™s.

The stellar emission absorbed by dust is re-emitted in the IR, using IR templates from DALE et al., 2014
which are parametrised with a single parameter g corresponding to the exponent of the distribution of
heating intensity over dust mass. A single template (a;r = 2) is used except for galaxies detected in the
MIR or FIR for which different oy between 1 and 3 are tested to cover the range of values found from
quiescent to active star-forming galaxies (DALE et HELOU 2002). Using [NII]/H,, and [OIII]/Hg ratios to
separate star-forming galaxies and AGNs in the Baldwin-Phillips-Terlevich (BPT) classification diagram
[BALDWIN et al., 1981 ; KEWLEY et al., 2001], KRUHLER et al., 2015 did not find any GRBH in the AGNs
region. Consequently, IR templates are used without AGN contribution.

In the radio domain, where some of the GRBHs have been detected, the emission is due to both thermal
processes and non—thermal processes. The former ones are related to the ionisation of the gas by massive
stars and the latter ones to the acceleration of charged particle through a magnetic field, i.e. a synchrotron
emission. The thermal emission in the radio domain is already modelled by the nebular continuum
emission. The synchrotron emission is modelled using the correlation between the radio flux at 1.4GHz
and the total IR luminosity, ¢rrr, and a power-law spectral slope a normalised at 1.4GHz. grrg is defined
as :

Lrrr LiscH-

_ ZAAGH= 4
375 102H. | 90 | gL (V4)

qrir = logio
with Lprgr the total IR (8-1000 pm) luminosity and Ly 4gp. the luminosity at 1.4 GHz. Knowing the
total IR luminosity, grrr is used to compute the flux at 1.4GHz which gives the normalisation of the

power-slope law for the non-thermal flux as :

(e

V1.4GHz Lrir

Fnon—thermal X iy : 109717 (V5)

This simple recipe is assuming that the spectrum is dominated by non-thermal emission at 1.4GHz
[CONDON, 1992; YUN et al., 2001 ; BELL, 2003]. When no or few other data are available in the FIR

domain, it can also help to constrain the IR emission. At most, GRBHs are detected in one band in the
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Table V.2— Input parameters for SED fitting with CIGALE

Parameter Symbol Range

Dust attenuation

Color excess for nebular emission® E(B — V)lines 0.01,0.05, 0.1 to 2.0 with steps of 0.1 mag
Ratio of color excess M 0.2, 0.4, 0.6, 0.8, 1.0
E(B = V)iines R
Attenuation curve for stellar continuum? 0 [-1 :40.5] per bin of 0.1
Delayed star formation history + recent burst
Age of the main stellar population to 1000, 2000, 3500, 5000, 8000 Myr
Peak of the star formation (delayed SFH) T 1000, 2000, 3000, 5000, 7000, 10000 Myr
Age of the burst tb 1, 3, 5, 10, 15, 20, 30, 40, 50, 75, 100 Myr
Stellar mass fraction due to the burst fo 0, 0.01, 0.03, 0.05, 0.075, 0.1, 0.15, 0.20
0.25, 0.3, 0.35, 0.4, 0.45, 0.50
Dust emission in the IR
powerlaw slope dU/dMy oc U~ 4 QIR 1.0, 1.5, 2.0, 2.5, 3.0
Non-thermal radio emission
TIR /radio luminosities ratio qTIR 1.5, 2.0, 2.5, 3.0
Metallicity® Z 0.008, 0.02

1 E(B — V)jines is the color excess between the B and V bands applied on the nebular emission lines.

2 Defined in Eq.IV.3

3 The metallicity is set to one of the 2 values (Z=0.02 being the solar metallicity)

4 M, corresponds to the dust mass heated by the the radiation field intensity U. arg is fixed to 2 when no IR detection is
available.

radio domain, so we fixed a to 0.7 and gr;r to 2.5 which are typical values for star-forming galaxies
[DELHAIZE et al., 2017]. When there is one detection in the FIR and radio, grg is allowed to vary bet-
ween 1.5 and 3 to [DELHAIZE et al., 2017]. Starbursting galaxies are expecting to be IR-excess sources,

meaning high grrr ~3 [GALVIN et al., 2018].

2.3. Results

The main results are reported in Table V.3. For each GRBH, CIGALE was run for the 2 metallicities,
Z=0.008 and 0.02, and we kept the one returning the best x2. For GRBHs 060306 and 090407 with high
metallicity measurement, CIGALE was also run with Z=0.05. If the mass fraction, fyyst, created during
the burst is compatible with 0 we ran CIGALE again, this time with a delayed SFH without any recent
burst of stellar formation and kept the results as the reference.

From Figure V.3 we see that most GRBHs have SFR 11 and E(B — V)iines in good agreement with the
SFR, and E(B — V) aimer derived from Balmer emission lines when available. They are only marginally
consistent for GRBH 100621 A and not consistent for 051022A and 071021. For GRBH 051021 the power-
law slope of the dust attenuation is not constrained (see Appendix D.3) and for GRBH 071021 the SFR
is one order of magnitude higher than the FRy, . They will not be included in the following qualitative
analysis.

As seen in Table V.3, 4 out of the 23 GRBHSs have a burst fraction clearly not compatible with 0, mea-
ning that a recent burst of star formation is clearly required to reproduce the observed SED of these

GRBHSs. For 5 other GRBHs, the burst fraction is also not compatible with 0 but not by much. For For
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Table V.3— Summary of SED fitting results. Columns list (1) the galaxy identification, (2) SFR averaged over the past 10Myrs, (3) SFR derived from H, luminosity measurement, (4)
stellar mass, (5) amount of attenuation in the V band, (6) slope of the attenuation curve, (7) color exces for the nebular emission, (8) Balmer decrement, (9) ratio of color excess, (10)
metallicity returning the best fit, (11) fraction of total stellar mass created in the burst.

GRBH SFR SFRu,, M, Av 5 E(B=V)ines E(B=V)pamer ma—mt 2 Frurst
Mg yr—! Mg yr—! 10°Mg mag slope mag mag %

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
050915A  277.96 + 251.03  196.007135%50  28.95 + 11.92  1.69 + 0.66 -0.08 + 0.19  0.85 + 0.30 0.8475-80 0.47 £ 0.11  0.02 0.16 £ 0.15
051022A  36.68 + 7.91 60.00112:09 9.70 + 3.44  0.64 +£0.11 -0.8540.13  0.38 + 0.08 0.5675:0% 0724+ 0.13  0.02 0.15+0.14
060306 25.89 + 8.40 17.60153-50 19.40 + 4.49  0.90 + 0.26 -0.31 +£0.19  0.51 + 0.32 0.4475:%9 0.68 £ 0.24  0.05 -
060319 14.40 + 7.38 - 15.03 £3.31  1.38+£0.39 0244015  0.50 £ 0.20 - 0.55 + 0.23  0.008 -
060814  66.71 + 21.53 54.00159-00 33.77 £831  1.00 £0.33 0314023  0.30 £ 0.12 0171539 0.55 + 0.19  0.008 -
060912A 6.33 + 1.81 5.1073:59 6.55 +1.24  0.32+0.15 -0.51+0.31  0.16 £ 0.09 0.160 09 0.76 £ 0.20  0.02 -
061121  51.65 + 13.14 44.20%19-00 6.93 £2.37  1.02+0.23 0.05+£0.19  0.46 £ 0.10 0.57032 0.42 &£ 0.09 0.008 0.26 + 0.16
070306  119.81 +28.17  101.00732%2 17.62 £ 559  1.58+£0.18 0.324+0.16  0.53 + 0.09 0.4315:0% 0.44 +£0.08 0.008 0.15 + 0.14
070521  49.93 4+ 14.58 26.00732-90 23.99 + 550 141 + 0.31 -0.34 £ 0.17  0.80 & 0.39 - 0.67 £ 0.25  0.02 -
070802  23.81 + 12.16 24.0073'50° 4224180 0.79£0.30 -0.14+035 0.324+0.15 0.31%0:13 0.62 &£ 0.21  0.008 0.16 £ 0.15
071021  187.20 £ 51.74  32.00%3900  107.60 4+ 27.76 2.24 £ 0.25 0.15 £ 0.06  0.76 + 0.11 0.1975-18 0.61 + 0.07  0.02 -
080207  120.73 +£11.19  77.0015%-00 47.95 +6.20 1.86 +£0.12 -0.33 £0.08  0.97 + 0.11 0.661528 0.62 + 0.07  0.02 -
080325  66.09 + 24.30 - 55.85 £9.22 196 £ 0.25 -0.00 £ 0.08  0.76 + 0.23 - 0.66 + 0.19  0.008 -
080605  46.19 + 19.81 47.00117-99 11.06 +£4.20 045+ 0.28 -0.05+0.39  0.20 + 0.14 0.267015 0.55 +£0.22  0.02 0.15+0.14
080607  40.72 4+ 11.20 - 30.09 +9.30  1.59 4+ 0.26  0.08 + 0.10  1.04 & 0.58 - 0.47 +£0.29  0.02 -
080805  27.57 & 15.93 45.00172-50 3.34 £1.67 125+ 036 -047+0.27  0.56 £ 0.19 0.78703% 0.75 £ 0.18 0.02 0.20 +0.16
081109 11.79 + 4.17 11.8015 50 17.86 £3.49 0474021 -0.14 4+ 0.26  0.30 £ 0.11 0.3670 15 0.39 £ 0.10  0.02 -
081221 75.12 4 20.27 35.001 395,00 33.13 4+ 7.06 148 +£0.27 0.02+0.10  0.75 + 0.16 0.31155% 0.46 + 0.12  0.02 -
090407 14.06 + 4.87 13.801 %80 10.54 +£2.79  1.18 £ 0.26 -0.50 + 0.17  0.68 + 0.13 0.6970 34 0.63 + 0.08  0.02 -
090417B 0.87 + 0.27 - 429 +£084  0.5340.14 -043 £0.19  0.41 £ 0.25 - 0.58 £ 0.29  0.008 -
090926B  12.86 + 4.73 26.00119:09 13.00 £ 2.96  0.37 £ 0.19 -0.57 £ 0.29  0.44 + 0.20 0.637039 0.24 + 0.10  0.008 -
100621A  11.80 + 2.20 8.701050 118 £0.52 034+ 0.11 -0.39 £0.22  0.14 + 0.06 0.0575:03 0.83 +£0.20 0.02 0.29 +£0.14
120119A  43.05 & 16.57 43.00733-90 330 +£ 1.31  1.07 £0.28 -02940.19  0.38 £ 0.13 0.357015 0.81 + 0.18 0.008 0.27 + 0.16
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GRBH 060306 the oxygen abundance measured in KRUHLER et al., 2015 is very high and we found that
a metallicity of Z=0.05 returns a better fit compared to Z=0.02.

1.50
3.0 — 1 ] 1:1 ®
‘ + GRBHs 1.25{ ——- ODR fit: 0.91:1 P
25 N +  GRBHs e
s — £1.00 g
& 2.0 g AT
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Figure V.3— Left : SFR as a function of the SFRp . Right : E(B — V)jines as a function of E(B — V) gaimer

An example of best fit SED can be seen in Figure V.4. The best fit SED of all the GRBHs can be seen
in Appendix D.2. The probability distribution function of the power-law slope, 4, for the dust attenuation

modelling of stellar continuum can be seen in Appendix D.3.

Best model for 080207 at z = 2.086. x? (Ngata) = 28.48 (20)

3] Stellar unattenuated
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Figure V.4— Best-fitted SED for GRBH 080207. Red points are the observed fluxes with their uncertainties. The black
line represents the best fitted spectrum composed of attenuated stellar emission, dust emission, non-thermal radio emission
and nebular lines. The dashed blue line represents the unattenuated stellar emission and the blue shaded area indicates the
amount dust attenuation. The green triangle correspond to upper limit in flux. The lower panel shows the relative residual.

2.3.1. Localisation of the GRBHs on the Main Sequence

In Figure V.5, we report the excess of SFR of our GRBHs comparing to the Main Sequence using the
relation in SCHREIBER et al., 2015 for given stellar masses. If we consider starburst galaxies those with
a SFR excess higher than 4, then only 6 GRBHs satisfy this criteria : 051022A, 061121, 070306, 080805,
100621A, 120119A. As seen in the next section, GRBH 100621A is quite sensitive to the adopted SFH

and further checks are required for this galaxy. We note that our SFR is only marginally consistent with

[1]. SFR refers to the SFR averaged over the past 10 Myrs in CIGALE.
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the SF Ry, due to a higher H, flux estimation, this could decrease the SFR excess we find here. In
the literature, KRUHLER et al., 2011 found similar SFR estimation and slightly stellar mass than ours,
leading to an SFR excess of ~ 23, VERGANI et al., 2015 found a similar stellar mass and higher SFR

estimates than ours leading to a SFR excess of ~39.

18
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14
th£12
ﬁ 10 J20119A
~ 8
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n 6 7030
?5"1022 50015A
4 70802 fsoeos
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L ] ‘ ‘ .
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log1o M« [Me]

Figure V.5— Excess of SFR comparing to the Main Sequence as a function of the stellar mass. The Main Sequence is
computed following the prescription in SCHREIBER et al., 2015. The blue points correspond to the GRBHs best fitted with
a delayed+burst SFH. The orange points correspond to the GRBHs best fitted with a delayed SFH. Black points
correspond to GRBH 051022A and 071021. The red dashed line correspond to an excess of 4. We define starburst galaxies
those having a SFR excess higher than 4.

2.3.2. GRBHs attenuation and SD16 RT model

We have seen in Section 1V.2.3 that a given combination of dust attenuation parameter values, espe-
cially E(B — V) continuum and d, can give information on the type of dust and the global structure of the
ISM of the galaxy. In Figures V.6 to V.8 we report the E(B — V)continuum-0 values of our SED fitting
to the parameter space of the RT model of SEON et DRAINE, 2016 for the WG-SMC, WD-LMC and
WD-MW dust models respectively. We did not consider the WD-SMC and WG-MW dust models as our
attenuation recipe does not fit accurately enough the shape of the attenuation curves for these types of
dust.

2.83.2.a. Type of dust

First regarding the type of dust, we note that all the GRBHs, represented by the red errorbars, can
be reproduced by WG-SMC and WD-MW dust models with the exception of one GRBH (060814) at the
bottom left with a flat attenuation curve (6=0.31) associated with low E(B — V)continuum ~0.15 mag.
The WD-LMC dust model can not reproduce the GRBHs located in the bottom left part of the Figure
V.8 corresponding to flat attenuation curves (6 2 0) with low color excess (E(B — V)continuum < 0.25).
However, for the WD-LMC there are more values of M and R;/R4 than the WG-SMC and WD-MW
dust models able to produce steeper attenuation curves (§ < -0.4) associated to rather high color excess
(E(B = V)continuum = 0.4).

We conclude that both WD-MW and WG-SMC dust models can explain the data, and that the WD-LMC

failed to reproduce flat attenuation curve with low color excess.

— Page 130 —



2.3.2.b. Dust-star geometry and local dust distribution.

Now regarding the geometries, there is a great variety of configurations and not one single geometry
which could explain all the GRBHs. From the bottom panels of Figure V.6, we see that steep (flat)
attenuation curves are associated to low (high) optical depth, this is true for all dust models.

From the top panel of Figure V.6, we see that GRBHs with steep attenuation curves with § < -0.25
are only reproduced by dark blue points, meaning that only an homogeneous dust distribution can
reproduced them. GRBHs having very flat attenuation curves with § 20.25, are only reproduced by
yellow-green points corresponding to a clumpy ISM. For GRBHs having -0.252> § <0.25, both clumpy
and homogeneous ISM are found. The same conclusion can be drawn for the WD-MW dust model but
not for the WD-LMC one.

From the middle panel of Figure V.6, we see that GRBHs with the flattest attenuation curves (§ =0.25),
are only reproduced by yellow points corresponding to Rs/Ry=1 meaning that no dust layer is surrounding
the stellar sources. The other GRBHs can not be reproduced by yellow points corresponding to Rs/Rg=1,
meaning that a layer of dust is surrounding the stellar sources. The same conclusion can be drawn for
the WD-MW dust model but not for the WD-LMC one.

We conclude that for the WD-MW and WG-SMC dust models, GRBHs with steep attenuation curves
(6 £-0.25) are best reproduced by an homogeneous local dust distribution, dust layer surrounding the
stellar sources and a low optical depth. GRBHs with flat attenuation curves (6 2 0.25) are best reproduced
by a clumpy local dust distribution, R;/Rs=1 and a high optical depth. Such general trends are not seen
for the WD-LMC dust model, and each GRBH needs to be studied individually. If the extinction curve
along the GRB line of sight was measured and covering rest-frame UV to optical /NIR, the presence or
absence of a UV bump and the steepness of the FUV rise could allow to rule out some of the dust models
and therefore to draw stronger conclusions on the geometrical can be drawn, as in CORRE et al., 2018.
Our conclusions on the type of dust and the geometry of the ISM for the GRBHs are based on the SD16
RT model which assumed a spherical geometry. It will be interesting to perform the same analysis with

a RT model using a different geometry.
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Figure V.6— 6-E(B — V) continuum relation for the WG-SMC dust model. From top to bottom, the color encodes the
clumpiness of the ISM with low (high) M, corresponding to an homogeneous (clumpy) local dust distribution, the Rs/Rq
and the optical depth (7v). The points correspond to the best fit values of the SD16 attenuation curves. The red error
bars correspond to the mean values and their uncertainties found with our SED fitting. The empy red points correspond
to GRBHs with a spectroscopically confirmed UV bump in their GRB extinction curve.
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Figure V.7— Same as Figure V.6 but for the WD-MW dust model.
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Figure V.8— Same as Figure V.6 but for the WD-LMC dust model.
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2.3.83. Correlations of dust parameters with GRBH physical parameters

Now we search for relations between dust properties and physical parameters of the galaxies in order

to understand the influence of the environment on the shape of the attenuation curves.

2.8.3.a. Attenuation curve slope vs A3L"s.

From the RT simulations we have seen in Section IV.2.3 that the parameter influencing the most the
shape of the attenuation curve is the optical depth. Consequently, we began to search for a correlation
between § and A5f*"*. As we can see in Figure V.9, attenuation becomes flatter (steeper) as Ay increases
(decreases). The general trend is similar, although with a large dispersion, with the mean relations of
CHEVALLARD et al., 2013; SALIM et al., 2018 obtained respectively using different RT simulations and
from observations of local galaxies, but our averaged trend is above their relations. In order to understand
the origin of this difference, we have first checked that the combination of (§, Ay ) values found for our
GRBHs are allowed by the SD16 RT model. The relation of CHEVALLARD et al., 2013 is derived as the
mean relation of a compilation of RT models [SILVA et al., 1998 ; TUFFS et al., 2004 ; PIERINI et al., 2004 ;
JONSSON et al., 2010] which have different MW dust grain properties but none of them have properties
similar to the WD-LMC of WEINGARTNER et DRAINE, 2001 ones. As seen in Figure IV.21, the averaged
0-Ay relation for the WD-MW and WG-SMC are in a good agreement with the relation of CHEVALLARD
et al., 2013, however the WD-LMC dust model gives an averaged trend above the relation of CHEVAL-
LARD et al., 2013. The difference might then be at least partly explained by different dust types in the
GRBHEs.

The relation of SALIM et al., 2018 is obtained on a sample of 230 000 galaxies, and for Ay =1.15 and 1.4
mag the steepest attenuation curves in their sample are § ~-0.2 and 0. This is still too flat in comparison
to our GRBH attenuation curves. In their analysis they fixed the ratio E(B — V)stars/E(B — V)iines to
0.44 and they applied different attenuation to the young and old stellar populations. These differences

make a direct comparison with our analysis difficult and uncertain.
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Figure V.9— Slope of the attenuation curve as a function of A?}‘"S. The blue points are the GRBHs. The dashed dotted
red line correspond to an orthogonal distance regression (ODR) fit : §=(0.57 £ 0.18) xlogio (Ay) -(0.19 £0.04). The
green line is the mean relation found on a sample of ~ 230000 local galaxies in SALIM et al., 2018. The dashed green line
represents the average relation found in CHEVALLARD et al., 2013 using different RT simulations. Black points correspond
to GRBH 051022A and 071021 and are not included in the ODR fit
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2.8.3.b. Attenuation curve slope vs SFR, Mg, and sSFR.

We now check whether the shape of the attenuation curve varies with the stellar mass, SFR, sSFR
and the line broadening, o, taken from KRUHLER et al., 2015. o correlates rather well with the velocity
dispersion [RICHARD et al., 2011], which is an indicator of the stellar mass independent of our SED fitting.
In Figure V.10, we see that § correlates with the SFR and stellar mass with more (less) massive and star
forming galaxies have flatter (steeper) attenuation curves. As seen in the top right panel, § correlates well
o, confirming the correlation with the stellar mass. Even if a correlation is found between § and the SFR
and Mg, no correlation is found with the sSFR. As seen in Figure V.11 we find a correlation between
Ay and the stellar mass. As the stellar mass is also correlated to the SFR through the main sequence,
it might indicate that Ay is the main driver of the relations between ¢ and the SFR and Mg. In Figure
V.10, a light gradient in Ay is seen along the d-axis for the §-My, diagram. this is less clear in the 6-SFR
diagram. In order to conclude whether the main driver of the §-M and §-SFR relations is Ay we would
need to study a larger sample of galaxies. For instance, on a more statistically significant sample of 230
000 local galaxies, SALIM et al., 2018 found a clear gradient in ¢ along the Ay axis for the Ay-logMg
relation (their Figure 4), clearly indicating that the correlation §-Mg is driven by Ay and not by physical

origins.
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Figure V.10— Slope of the attenuation curve as a function of the stellar mass, line broadening, SFR and sSFR. The line
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best fitted with a delayed+burst and delayed SFH respectively. The ODR fit is represented with the dashed dotted red
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2.3.4. Comparison of the different tracers of dust attenuation

In Figure V.12 we compare the different tracers of the amount of attenuation for the nebular, stellar
component and along the GRB line of sight. First we see in the top right panel that Al‘ﬁ"es, computed
as 31X E(B — V)jines is very similar to AZmer derived from the Balmer decrement in KRUHLER et al.,
2015. From the top left panel we see a trend between A{i“lm” and A§f*"s but the dispersion is large
and uncertainties associated to A{?“lm” are too large to draw strong conclusions. The bottom left panel
of Figure V.12 illustrates the average ratio E(B — V) continuum/E(B — V)iines for our sample estimated
to be 0.564+0.04 with the ODR fit, which is slightly higher than the 0.44 found in CALZETTI et al.,
1994 ; CALZETTI et al., 2000. Finally in the bottom right panel, we compare the amount of attenuation
in the V band averaged over the galaxy with the amount of extinction in the V band along the GRB
line of sight. Though the estimation of A‘?fb has been performed using different techniques we see that
Astars < AY ® apart from 2 GRBHs.There are cases with A$/"s much smaller than Ay ® indicating that
the GRB is likely to be deeply embedded in dust. Due to the introduction of the emission lines, the
amount of attenuation is better constrained and the the relation A*"$=0.71 - AY ® found in CORRE

et al., 2018 is revised to A§f*"$=0.87 - Aﬁ’,rb as some A" estimates are a bit higher, but it is clear that

this relation is not universal.
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the GRBHs. The dashed dotted red line correspond to the ODR fit. Black points correspond to GRBH 051022A and
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CORRE et al., 2018.

2.4. Robustness of the SED fitting
2.4.1. Influence of SFH

To check whether the choice of the adopted SFH has an influence on the evaluation of the parameters,
we report the results of the SED fitting with and without a recent burst of star formation in the Figure
V.13. We see that the SFH with a recent burst of star formation history leads to slightly lower stellar
mass and higher SFR and Ay as expected. However, the estimation of the slope of the attenuation
curve, ¢, remains similar for most of the GRBHs except for 070306 and 100621 A. For the former one, the
attenuation curve remains very flat in both cases so it does not change the qualitative assessment, while
for the latter one the shape of the attenuation curve is found extremely flat with the delayed SFH and
steep with the delayed+burst SFH. We conclude that apart from GRBH 100621A our results related to
the shape of the attenuation curves are not qualitatively influenced by the SFH.

An other point to stress from this Figure is that our stellar mass estimates are generally lower than those

derived for the SHOALS survey in D. A. PERLEY et al., 2016b.
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Figure V.13— Comparison of the estimation of parameters for each GRBH depending on the adopted SFH : delayed or

delayed+burst. The stellar masses estimated are compared to those derived using the IRAC1 luminosities in
D. A. PERLEY et al., 2016b. The SFRs and E(B — V)jines are compared to SFRy,, and E(B — V) Baimer from Hy in

KRUHLER et al., 2015; VERGANI et al., 2017.

2.4.2. Influence of emission lines

We also checked whether the introduction of the H, and Hg emission lines influence the results si-

gnificantly. From Figure V.14 we see that the introduction of emission lines allows to better constrain

emission lines fluxes but the fluxes were already well estimated without. As a consequence the amount

of attenuation applied to the nebular emission (E(B — V)jines) is better constrained as well as the ratio

E(B — V)continuum/E(B — V)iines. Apart from few cases, there is little influence on the attenuation of

— Page 139



the stellar emission (A§f*s and E(B — V)continuum), and almost no influence on the slope of the atte-

nuation curve. There is also little influence on the stellar mass (not shown in the figure) and on the SFR.

We conclude that our results related to the shape of the attenuation curves are not influenced by the

introduction of the emission lines but that E(B —V)jines and the ratio E(B —V)continuwum/E(B =V )iines

are much better constrained with the introduction of the emission lines in the fitting procedure.
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Figure V.14— Comparison of the estimation of parameters for each GRBH with and without introducing the emission

lines in the fitting procedure. The SFRs and E(B — V)jines are compared to SFRy, and E(B — V) paimer from He in

KRUHLER et al., 2015; VERGANI et al., 2017. H, and Hg fluxes are compared to those measured in KRUHLER et al., 2015;

VERGANI et al., 2017.
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3. Conclusions

We have built the largest sample of dusty GRBHs combining rest-frame UV to radio data as well
as Balmer emission lines. We performed a SED fitting using CIGALE code. We used the SBL18 recipe
to model the shape of the attenuation curve of these GRBHs as it offers the flexibility to reproduce
various shape of attenuation curves as seen in Chapter IV. The introduction of Balmer lines allows a
better constrain on the attenuation applied to nebular emission and also to the stellar emission although
with much less influence. The power law slope of the attenuation curve is well constrained for most of
the GRBHs allowing to study what are the physical parameters of the galaxy influencing its shape. We
find a large variety of cases ranging from attenuation curves flatter than the C00 law to as steep as the
SMC extinction curve even with a large amount of attenuation. It confirms the non-universality of the
attenuation curve as already found in many works [BUAT et al., 2011; BUAT et al., 2012; BUAT et al.,
2018 ; WILD et al., 2011 ; KRIEK et CONROY, 2013 ; REDDY et al., 2015; REDDY et al., 2016 ; SALMON
et al., 2016 ; BATTISTI et al., 2016 ; BATTISTI et al., 2017; SALIM et al., 2018].

Comparing the values from our SED fitting to those fitted on the SD16 RT model with the same SBL18
recipe, we found that both WD-MW and WG-SMC dust models are able to reproduce the GRBHs data.
The WD-LMC dust model is found likely to produce the steepest GRBH attenuation curves associated to
large Ay but is unable to reproduce flat attenuation curves with low amount of attenuation. As a rough
summary we can say that, based on the SD16 RT model and the WD-MW and WG-SMC dust models,
GRBHs with steep attenuation curves are likely to have a rather homogeneous local dust distribution
associated to Rs/Ry <0.8 meaning that the stellar sources are surrounded by a dust layer of various
thickness. On the contrary, GRBHs with flat attenuation curves are likely to have a more clumped ISM
associated to Rs/R4 ~ 1 meaning that the stellar sources are distributed up to the dust distribution
radius, i.e. they are not surrounded by a layer of dust.

When comparing the variation of the slope of the attenuation curves with physical parameters of the
GRBHs, we found that the amount of attenuation of the stellar emission, the stellar mass and SFR
correlate with the slope of the attenuation curve with higher A$/*", stellar mass and SFR associated to
steeper attenuation curves. We find a correlation between A§f*"s and stellar mass which might indicate
that Ay is the main driver of the correlations with 6. However, we did not find an evidence as clear as in
SALIM et al., 2018 but the sample sizes are quite different. As seen in Chapter IV we saw that the most
influential parameter of the RT model for the shape of the attenuation curves was the optical depth and
it would be logical to find Ay as the main driver of the correlation between § and the stellar mass and
SFR. We do not find any correlation with the sSFR as reported by SALIM et al., 2018.

When comparing the different tracers of dust attenuation we saw that Al‘}”es correlates with Ag“lm”,
Aglors is also found to correlate with Ag“lm” although with a higher dispersion. We found an average
value of 0.56 + 0.04 for the ratio of the color excess applied to the stellar component to the one applied
to the stellar component. In average we find that A" < A7/ ® but for some cases Aﬁ’,rb is much smaller
what we interpret as GRBs deeply embedded in a molecular cloud.

From the 9 GRBHs best fitted with a recent burst of star formation, 6 of them can be considered as

starburst galaxies.
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Perspectives and conclusions

1. Perspectives
1.1. COLIBRI

The effort in modelling the scientific performances of COLIBRI showed that it will be able to detect
high-redshift and dusty GRBs. We showed that even if COLIBRI will be equipped with only 3 detectors,
an adapted observation strategy where the filters change after each observation allows to obtain a relative
accuracy of ~ 10% on the photometric redshift estimation but also allows to estimate the optical spectral
slope of the intrinsic emission of the GRB, the visual extinction along the line of sight of the GRB in
the host galaxy and to test different extinction laws among the mean MW, LMC and SMC extinction
curves. These estimations obtained in the first minutes after the GRB trigger will be extremely useful to
trigger larger facilities equipped with a spectrograph, such as the NOT or the VLT, to provide valuable
information of the ISM of the GRB host galaxies.

The ETC will be integrated to COLIBRI’s website to help observers to plan their observations. The
image simulator will be used to provide images to feed the reduction pipeline. The photometric redshift

code will be used for the quick analysis automatically performed by COLIBRI for each observation.

From a technical point of view, all the codes developed throughout this thesis are open sources and

available at https ://github.com/dcorre. An effort will be made to improve the documentation.
1.2. Improving modelling of dust attenuation

1.2.1. Modified starburst law with correction for IR slope

As we have seen in Section 1V.2.3, the modified starbust law proposed by NOLL et al., 2009 ; SALIM
et al., 2018 is able to reproduce most of the RT attenuation curves in the UV-optical domain but not
in the NIR where the attenuation is usually underestimated. This can introduce a systematic bias in
the stellar mass estimation as the flux in NIR is predominantly emitted by the old stellar population,
responsible for the majority of the stellar mass. Previous works, such as Lo FARO et al., 2017 showed that
the attenuation curve computed with the formulation of NOLL et al., 2009 provides a less grey attenuation
curve in the NIR comparing to the attenuation curves computed using radiative transfer models or the
CHARLOT et FALL, 2000 model. This lower attenuation in the NIR leads to lower stellar mass estimates
from SED fitting, with a median factor of 1.4 up to a factor 10 [Lo FARO et al., 2017].

In order to correct for this effect we introduced a correction for the slope in the NIR domain. The idea
is to keep the N09 and SBL18 formalism in the optical-UV domain so that the results could still be
compared to the literature while improving the fit in the NIR domain. To do so we start from the original
equation of CALZETTI et al., 2000 (Eq. IV.2), and for wavelengths below 550 nm the formalism is the
same as NOLL et al., 2009 ; SALIM et al., 2018 whereas we modify the slope by adding a new parameter,

€, at wavelengths above 550 nm :
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A d+e
kCalzIR()‘) = [2659 X (—1857+ 1040/)\) + Rv] X <)\>
\%

(0.63um < A < 2.20pm)
A d+e€
= [2.659 x (—2.156 + 1.509/X — 0.198/A2 + 0.011/A%) + Ry] x (A>
1%
(0.55pum < A < 0.63pm)
b
A
= [2.659 x (—2.156 + 1.509/A — 0.198/A% + 0.011/A%) + Ry] x (A> + Dy (V)
1%

(0.12um < A < 0.55pm)
(VL1)

with Ry = Av/E(B — V)star = 4.05 + 0.80. An illustration of the influence of € on the shape of the
normalised attenuation curve is seen on Figure VI.1. We note that for flat attenuation curves (6 > 0), €
> 0.7 leads to a very strong modification of the attenuation curve shape. The modification is smoother
in the case of § = -0.5.

ArAv

1 2 4 5 1 2 4 5 1 2 4 5

3 3 3
Alum=1] Allum™1] Alum™]

Figure VI.1— Illustration of the influence of ¢ on the shape of the normalised attenuation curve for § = -0.5, 0.0 and 0.3
from left to right.

1.2.2. Double power law attenuation

We also investigated whether a more simple double power-law recipe is able to reproduce the attenuation
curves from the SD16 RT model. It is defined with a spectral break located at 550nm as :

Ay =Ay x ()\)\) + Dy . By ()\) , (A < 550nm)

AV . (VL.2)
Ay = Ay X () ,(/\ > 550nm)

Av

where «q, ag are the slopes of the attenuation curve and Ay is the normalizing coefficient at 550nm. The
recipe will de denoted DBPL in the following.

1.2.3. Comparison with attenuation curves from RT

Following the same method as in Section 1V.2.3, we compare the ability of this new recipe to fit the
SD16 RT attenuation curves to the original N09 recipe. The new parameter, €, introduced in VI.1 is
letting free to vary between 0 and 2. We also plot the results for the double power-law.

From Figure V1.2, we see that the SBL18 recipe with the € correction (red points) is better reproducing
the NIR shape, while the optical/UV part remains unchanged, of the RT attenuation curves than the
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SBL18 recipe (blue points), except one point corresponding to 2.2 um, i.e. the K band. This is explained
by the original formulation of CALZETTI et al., 2000 which implies that the attenuation is 0 at ~ 3 pum and
generally causes a steep decrease of attenuation. In order to solve the under estimation of attenuation in
the K band, one solution will be to update the values of the coefficients of the polynomial for wavelength
above 0.63 pm in Equation VI.1 using the RT attenuation curves of SD16.

As seen in the left panel of Figure VI.3 the new parameter, € introduced to correct the power law slope
in NIR is correlated with the power law slope, §. This correlation could be used to avoid to introduce
a new parameter in the fitting procedure while decreasing the systematic bias of underestimating the

stellar masses when using the N09 or SBL18 recipes.

The DBPL recipe is better reproducing the NIR attenuation for most of the dust model while reprodu-
cing the other wavelength with a similar accuracy as the SBL18+NIR correction recipe and even better
accuracy for the WG-SMC dust model.

We tested the influence of the choice of the attenuation curve on the estimation of the physical properties
of the galaxies for only one GRBH so far, GRBH 080207 which has FIR detections allowing a good
constraint of the amount of dust. The stellar mass is 20% larger when using the SBL18 + NIR correction
instead of the SBL18 recipe, and others parameters remain unchanged. The stellar increases by ~ 33%
when using the DBPL instead of the SBL18, and the SFR decreases from 120 to 103 instead Mg.yr—1!,
the others parameters are unchanged. The shape of the best-fit attenuation curves are very similar as

seen in the right panel of Figure VI.3.
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Figure VI.2— Averaged absolute relative difference of the best fit of RT attenuation curves adopting the WD dust

models with different attenuation recipes :

SBL18 (blue points), SBL18 + NIR correction (red points), DBPL (green

points) for different dust types : WD-MW (top left), WD-LMC (top right), WD-SMC (middle left), WG-SMC (middle
right) and WG-MW (bottom).
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Figure VI.3— Left : € as a function of the power law slope, §, The blue points correspond to the best fit values for the
WG-SMC, WD-MW and WD-LMC dust models. The red line is the best fit using : € = 0.41 4+ 0.041 - § 4 0.358 - §2.
Right : Attenuation curves derived from the SED fitting of GRBH 080207 for different recipes : SBL18, SBL18 + NIR

correction and DBPL. The original starburst law of CO00 is also represented.
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As a perspective, it will be very informative to continue to test the ability of other attenuation recipes,
such as the age dependent attenuation recipe of CHARLOT et FALL, 2000, to reproduce the attenuation
curves of RT radiative transfer models which will in return also provide a physical meaning to the best
fit values of these recipes, as we did in this thesis for the SBL18 recipe. As a long-term perspective,
for the GRBHs with data spanning the rest-frame UV to far-IR/sub-mm, the use of radiative transfer
simulations using stellar and nebular emission from a stellar synthesis model, such as in the recent work
of LAw et al.; 2018, will allow to study more consistently the dust properties and geometrical distribution

of stars and dust in these distant galaxies.
1.3. GRBH attenuation curves

In this thesis we have showed that the attenuation curves of distant star forming galaxies can be
reliably derived when they are detected in at least 5 photometric bands spanning the rest-frame UV
to NIR. However, the firm detection of the UV bump in the attenuation curve require spectroscopic
observation of the host galaxy. This is of particular interest regarding the debate which started in the
late 1990s - early 2000s and is still on-going, whether a Calzetti-like attenuation curve can ever arise
if the underlying extinction curve exhibits a UV bump. One caveat is that the GRB probes a single
sightline whereas the GRB host galaxy is an average over the galaxy, so spatial variations will be an
issue. Consequently a large sample is needed.

If the extinction curve along the GRB l.o.s can be systematically measured with a spectrograph, the
combination of the extinction curve with the attenuation curve will represent a unique opportunity to

constrain the dust properties in distant star-forming galaxies.
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2. Conclusion

In this thesis an Exposure Time Calculator and an image simulator has been developed for COLIBRI,
an optical /NIR follow-up telescope of the forthcoming SVOM mission. The simulations have showed
that COLIBRI thanks to its sensitivity and rapid response time is very well adapted to the detection
of high redshift GRBs and dusty GRBs. A Bayesian photometric redshift code dedicated to GRBs has
also been developed and validated with observed GRB afterglows. Based on two different mock samples
of GRB light curves, the photometric redshift accuracy delivered COLIBRI has been estimated to be ~
10% for 3.5 < z < 8 and ~ 14% for z > 8. All these codes are open-source and available for the community.

The dusty GRBs that will be detected by COLIBRI are preferentially located in dusty massive galaxies,
and the second part of the thesis was dedicated to the study of dust properties in these galaxies. We first
showed that the dust attenuation recipe commonly used to derive the attenuation curves of galaxies is
flexible enough to reproduce the variety of shapes observed in radiative transfer simulations for different
type of dusts and dust/stars geometries, although there is a tendency of underestimating the attenuation
in the NIR. This study also permitted to give a physical representation of the parameters used in the
attenuation recipe in terms of geometrical distribution of dust and stars in the ISM. On a sample of 30
GRB extinction curves selected to have rest-frame UV /optical coverage, we found that extinction curves
exhibiting a UV bump are preferentially found in the dustiest line of sights and the more massive galaxies
and that a rapid follow-up, typically in less than 3 hours, is required to detect them. After a few hours
after the trigger, only SMC-like extinction curves with low to moderate dust content are found, indica-
ting an observational bias against the dusty extinction curves with a UV bump. From these 30 GRBs we
derived the attenuation curve for the 7 host galaxies having a well sampled SED from the rest-frame UV
to NIR. A great diversity of shapes is found and the attenuation curve is even steeper than the extinction
curve in one case. Comparing our results with radiative transfer simulations allowed us to derive some
information about the dust/star geometry in these galaxies. Further observations of the host galaxies
with spectroscopy or narrow-bands filter would allow to state on the presence of the UV bump in the

attenuation curves.

From a larger sample of 23 GRB host galaxies at 0.54 < z < 3.04, we derived their attenuation curves
and found various shapes confirming the non-universality of the attenuation curve. We found that the
slope of the attenuation curve correlates with physical properties of the galaxy with flatter UV slopes
associated to higher A§f%"s, stellar mass and SFR. We find some indication that the amount of attenuation,
Atars  might be the main driver of the correlation between the UV slope of the attenuation curve and
the stellar mass and SFR. Based on the SD16 radiative transfer model, GRB host galaxies with steep
attenuation curves are likely to have a rather homogeneous local dust distribution and stellar sources
surrounded by a dust layer of various thickness. On the contrary, GRBHs with flat attenuation curves
are likely to have a more clumped ISM and stellar sources not surrounded by a layer of dust. As an aside
result of the SED fitting, we found in general lower stellar mass estimates than in the Swift Gamma-Ray
Burst Host Galaxy Legacy Survey (SHOALS). From the 23 GRBHs, 17 are following the main sequence

of star forming galaxies and 6 are considered starburst galaxies.
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ANNEXES

A. Validation of the photometric redshift code on real GRB data
A.1. GRB data
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Table A.1— GROND photometric measurements. Magnitudes expressed in AB system and not corrected for the Galactic foreground reddening.

GRB g r i z J H Ks ref.

080913 > 23.3 > 23.6 > 23.0 21.71+0.11 1996+ 0.03 19.64+0.05 19.17+0.11 J. GREINER, 2009b

090423 > 25.0 > 25.1 > 24.2 > 24.0 21.6 +0.1 21.24+0.1 20.9 £ 0.1 J. GREINER, 2009a

090516  23.6+£0.1 21.444+0.1 20.38£0.1 19.95+0.1 19.6 £0.1 19.2£0.1 19.1+£0.1 J. GREINER, database
130408A  21.0+0.1 19.7+£0.1 19.1+0.1 18.8 +0.1 18.0£0.1 17.8£0.1 > 17.0 J. GREINER, database
131117A 2094+ 0.1 19.6 £0.1 19.14+0.1 19.0+0.1 19.0 £ 0.1 18.9£0.1 18.7+ 0.3 J. GREINER, database
140515A >24.1 > 24.5 > 24.2 22.14+0.1 20.9+0.2 20.94+0.2 > 19.1 J. GREINER, database
140614A > 21.6 20.6 £0.2 19.5+0.1 19.24+0.1 19.0+0.2 18.5+£0.2 > 17.6 J. GREINER, database
141109A  20.7+0.1 19.7+£0.1 19.44+0.1 19.2+£0.1 194+0.1 18.8+£0.1 18.5£0.1 J. GREINER, database
150910A 21.54+0.2 21.240.2 21.0£0.2 20.8 £0.2 > 19.8 > 19.3 > 18.1 J. GREINER, database
151027B > 224 20.8 £ 0.08 20.1 £0.07 20.14+0.07 20.1+0.4 19.1+£0.3 > 18.3 J. GREINER, database
160203A 18.94+0.1 18.0+£0.1 17.7+£0.1 176 £0.1 17.0£0.1 16.7£0.1 - J. GREINER, database
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Table A.3— Other photometric measurements. Magnitudes expressed in AB system and not corrected for the Galactic foreground reddening.
GRB  laica V' cafos R fors2 I fors2 z isaac J isaac H isaac Ks ref.
050904 >24.6 >239 2445+0.2 21.84+0.2 20.74+0.06 20.37+£0.07 204+0.07 HAIsLip, 2006
GRB fors2 B fors2 R gmos 1 gmos z fors2 z niri J niri H niri K ref.
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A.2. Best-fitted SED
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Figure A.4— Best fitted SED template. The colored points represent the measurements, the blue dashed line
the fit using the median values of z, Ay ,8,norm a posteriori distributions. The green line represents the best fit.
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Figure A.5— Best fitted SED template. The colored points represent the measurements, the blue dashed line
the fit using the median values of z, Ay ,8,norm a posteriori distributions. The green line represents the best fit.
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Figure A.6— Best fitted SED template. The colored points represent the measurements, the blue dashed line
the fit using the median values of z, Ay ,B8,norm a posteriori distributions. The green line represents the best fit.
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B. SPIE proceeding : End-to-end simulations for COLIBRI, ground follow-
up telescope for the SVOM mission.
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ABSTRACT

We present an overview of the development of the end-to-end simulations programs developed for COLIBRI
(Catching Optical. and Infrared BRIght), a 1.3m robotic follow-up telescope of the forthcoming SVOM (Space
Variable Object Monitor) mission dedicated to the detection and study of gamma-ray bursts (GRBs). The
overview contains a description of the Exposure Time Calculator, Image Simulator and photometric redshift
code developed in order to assess the performance of COLIBRI. They are open source Python packages and were
developed to be easily adaptable to any optical/ Near-Infrared imaging telescopes. We present the scientific
performances of COLIBRI, which allows detecting about 95% of the current GRB dataset. Based on a sample of
500 simulated GRBs, a new Bayesian photometric redshift code predicts a relative photometric redshift accuracy
of about 5% from redshift 3 to 7.
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1. INTRODUCTION

Simulations are an essential part of the development process of any telescope. During the mission proposal
and definition phases, they allow scientists to assess scientific performance of the mission by computing limiting
magnitudes, images or spectra for instance. During later stages of the mission development, science simulations
help to compare different instrument designs as they allow to assess how these designs affect the performance
of the telescope. In this contribution we present the status of the end-to-end simulations of COLIBRI, future
ground follow-up telescope of the SVOM mission. COLIBRI is a collaboration between France and Mexico, it
will be installed at the Observatorio Astronémico Nacional in Mexico in 2020 which offers very good observing
conditions (median seeing of 0.8 arcsec and about 85% of clear nights). The aim of end-to-end simulations
is to model the scientific performance of this robotic optical/NIR telescope. One of the scientific requirement
of COLIBRI is to provide a photometric redshift during the first minutes of observations of the GRBs by the
SVOM mission, so this end-to-end simulation also aims at estimating the accuracy of the photometric redshift
estimation.

In the following we start by listing the scientific requirements for COLIBRI in Section 2. In Section 3, we briefly
describe the optical design of the telescope before describing the modelling of the telescope response and finally
report the performances of COLIBRI in terms of limiting magnitudes. The Section 4 is dedicated to the study
of the accuracy of the photometric redshift estimation. In Sections 4.1 to 4.3, we review the specific needs for
this study: generating multi-wavelength GRB light curves, defining an observation strategy and a photometric
redshift code. In Section 4.4 we present the results of the estimated photometric redshift accuracy based on a
mock sample of 500 GRBs.

2. SCIENTIFIC REQUIREMENTS

Gamma-Ray Bursts detection takes place in space because gamma rays are stopped by Earth’s atmosphere. This
task is devoted to the ECLAIRs telescope, in the X-/~-ray energy range with a very large field of view, whose
detection rate is estimated to be about 80 per year, with approximately 20% of very distant events with redshift
greater than 6. An estimate of the event’s position in the sky is then transmitted in a few tens of seconds to
ground telescope for follow-up observations, transiting through the VHF alert network. COLIBRI is part of a
set of 1-m class telescopes included in the SVOM system. Their functions are summarized as follows:

- to provide a localizations and multi-wavelength GRB observations less than 5 minutes after the VHF alert
transmission. This is complementary to the slower on-board procedure, based on the chain: ECLAIRs => MXT
(Microchannel X-ray telescope) => VT (Visible Telescope), which requires a platform repositioning and data
transfer to the ground. It is also crucial for GRBs that cannot be observed quickly due to spacecraft constrains
(estimated to about 20% of SVOM GRBs).

- to provide an identification of low signal to noise triggers provided by ECLAIRs, for which the platform slew
is not requested. These triggers due to, for example, GRBs highly extinguished or located at very high redshift
have potentially a very strong scientific impact.

- to localize and observe dark GRBs, i.e. events detected in gamma, x-ray domains, but not in the visible domain.
- to provide an indication of the GRB redshift if possible 5 minutes after the beginning of observations in order
to trigger further observations with the SVOM satellite and the ground largest facilities. A fast localization is
essential for a spectroscopic follow-up with the largest facilities.

It follows that the field of view must be larger than the size of GRB error boxes provided by ECLAIRs, typically
20’. In order to be able to observe the vast majority of the GRBs observed so far, the sensitivity must be able
to observe targets with limiting magnitudes up to R = 19 and J = 18 for an exposure of 30s and R = 22 and J
= 20 (AB system) for an exposure of 300s with SNR (Signal-to-Noise Ratio) > 10. This requirement imposes a
diameter of about 1 meter for the telescope. Starting observations in the first minute after the trigger, will permit
studying the prompt emission, the transition between the prompt and the afterglow emissions, the detection and
characterization of the reverse shock with a temporal resolution of few to several seconds. The SVOM alert
network has already an intrinsic delay: about 50% of the alerts will arrive 30 seconds after the trigger. Due to
this intrinsic delay and to be able to observe the first minute, observations must start maximum 30 seconds after
the arrival of the alert. One should keep in mind that GRB afterglows decay very quickly, typically like t~¢
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with o ~1. Because of this intrinsic property, a longer exposure time cannot compensate for a late arrival as the
gain in sensitivity is compensated by the reduction of the GRB brightness. The main scientific requirements are

summarised in Table 1.

Table 1: Summary of main scientific requirements

Observatory availability (without 90%

considering weather conditions)

Field of View

Delay for pointing

Precision of localisation

Spectral coverage

Limiting magnitude

(300s, AB mag)

Real-time data processing

26’ in visible, 21.7’ in NIR
< 30 seconds
< 0.5”
400-1700 nm
R=22, J=20

< 5 minutes

(localisation and redshift estimation)

3. TELESCOPE DESIGN AND MODELLING

This section aims at describing the modelling of the telescope response. In Section 3.1, the telescope optical
design is briefly described. In Section 3.2, we describe the Exposure Time Calculator (ETC) and Image Simulator
(IS) developed for assessing the performances of COLIBRI. In Section 3.3, we present the limiting magnitudes
and compared the COLIBRI sensitivity with a dataset of observed GRB light curves.

3.1 Optical design summary

COLIBRI has a primary mirror diameter of 1.3 meter and a secondary mirror diameter of 0.58 meter. The
telescope will have 2 or 3 (goal) simultaneous channels: 1 or 2 in the visible and 1 in the NIR domain. In the
following we will only consider the goal optical design with 3 channels. The visible channels are equipped with
DDRAGO-B and DDRAGO-R and the NIR channel with CAGIRE instruments. An overview of the telescope

design is seen in Figure 1. The main characteristics of the telescope instruments are summarised in Table 2.

Table 2: Main characteristics of COLIBRI instruments.

DDRAGO (B and R) CAGIRE
Sensor e2v SOFRADIR
Wavelength coverage 400-1000 nm 1000-1700 nm
Number of pixels 4096x4096 2048x2048
Pixel size 15 um 15 pm
Well capacity 350000 e~ 80000 e~
Readout noise 8e” 20 e~
Operating temperature 170 K 100 K

Associated Dark current
Sky resolution
Field of View

<0.001 e~ /piz/s
0.38 arcsec/pix

26 arcmin

~0.003 e~ /pix/s
0.63 arcsec/piz

21.7 arcmin
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3.2 Modelling
3.2.1 Exposure Time Calculator

The use of Exposure Time Calculators (ETC) is a common practice in astronomy. Many observatories propose
an ETC to observers to plan their observing proposals as it allows them to estimate the exposure time required
to reach the desired SNR for a given target or to estimate the SNR for a given target and exposure time. In the
context of concept and design studies of new telescopes, an ETC is used to assess the scientific performances of a
given optical design in order to check whether it meets the scientific requirements and to compare performances
of different optical designs.

Usually, ETCs are specific to one instrument, however with the search for optical counterpart of cosmic events,
astronomy is entering an era of complex follow-up strategy involving several facilities. Consequently, we have
developed an ETC that can be used for different optical/NIR telescopes in order to be able to simulate an
observation strategy involving several facilities. The characteristics of the telescope and the instrument are an
input of the ETC in a hjson format. It takes into account the observation site characteristics (atmospheric trans-
mission, seeing and sky background), the telescope characteristics (aperture, focal length, wavelength dependent
transmission of each optical element, etc) and detector characteristics (quantum efficiency, dark current, readout
noise, gain). The ETC allows to compare the scientific performance of designs with different number and kind
of optical elements, coatings and detector characteristics. The ETC estimates the number of electrons produced
by the different physical processes at stake (source signal, dark current, sky background, etc). An illustration of
the output the ETC is seen on Figure 2. This ETC is an open source Python package®.

3.2.2 Image Simulator

An image simulator (IS) allows to compute realistic raw images in order to feed and test the detection/reduction
pipeline. Stars and galaxies are simulated by convolving either point sources or galaxy model with the Point
Spread Function (PSF). PSFs are either generated with Zemax for the adopted optical design or standard PSF
profiles (Airy, Moffat, Gaussian). Realistic field views can be simulated by querying different astronomical cat-
alogs such as Pan-STARRS, 2MASS, NOMAD-1. Different features such as pixel dependent gain, vignetting,
cosmic rays can be taken into account by loading maps in fits format. The ability to reproduce observed images
is an essential step in the validation of the image simulator. An example can be seen on Figure 3, where we
reproduce with our IS a real image of GRB170202a taken by Zadko Australia telescope. This image simulator is
an open source Python package!.

3.3 Performances

The limiting magnitudes in the different bands for a total exposure time of 30 seconds, 5 minutes and 1 hour are
reported in Table 3.

The sensitivity of COLIBRI is compared to a dataset of observed GRB light curves in Figure 4. More than
~95% of the GRBs dataset would have been detected by COLIBRI. However ~23% of the SVOM alerts will be
immediately observable. Even if COLIBRI starts observing 12 hours after the trigger, despite this long delay
and decrease in the GRB brightness, COLIBRI has still sufficient sensitivity to allow the detection of ~80% of
the GRBs dataset in the NIR domain thanks to its 5o limiting magnitude of 20.51 for a total exposure of 5min
(10x30s) in the J band.

*https://pyETC.readthedocs.io
Thttps://ImSimpy.readthedocs.io
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Figure 2:

total of 7 pixels, 1 exposure(s) of 5.00 sec in z band

Example of ETC’s outputs for the spectrum of HIP86443 for an exposure of 5 seconds in z band.

Top: HIP86443 spectrum and COLIBRI’s throughput. Bottom: extract of the results summarising the electrons

generated and the reached SNR.

236403 2346403

239640 2436503 2480503

2520003 2576003 26060003 2666003

Figure 3: Left: Image of GRB170202A taken with Zadko Australia telescope for an exposure of 30 seconds in a
clear filter band. Field of view centered at RA, DEC = 152.518, 4.998 degrees (J2000). Right: Simulated image

with Zadko telescope characteristics and observation site characteristics (sky background, seeing, atmosphere
transmission), stars are simulated using the NOMAD-1 catalog.
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Table 3: Limiting AB magnitudes for different exposure
time and SNR=5 with a seeing at zenith of 0.8”, an
airmass of 1.5. Dark stands for a sky brightness at the
new moon and bright at full moon. The total exposure
time of 5 minutes and 1 hour are stacks of 30s individual

21t |

i
25} :Startlng observation
27k :60; after trigger

T e T

fed—t
Starting observation

R magnitude corr. (AB)

12h after trigger
T T T

3
expostre. 2 o
30s 10min 1h H
band (20x30s) (120x30s) faf e 1 ,
E 25} iStarting observation Starting observation
dark  bright | dark bright | dark bright 27, oS atter g pjneferwoger 4
10! 102 10% 118 12.0 122 124 126 12.8 13.0
g 21.76  20.81 | 23.44 2246 | 24.42 23.43 Time since trigger {s) Time since wgger (1)
T 21.54 20.94 | 23.22 22.60 | 24.20 23.57
i 20.98 2050 | 22.65 22.15 | 23.62 23.13 Figure 4: Top: GRB light curves observed in
the R band. Bottom: GRB light curves in the
z 2021 1994 | 21.87 21.59 | 2285 22.57 J band. Left: Light curves during the first hour
y 19.19  19.15 | 20.85 20.81 | 21.83 21.79 after the trigger. Right: Light curves between
J 19.53 21.18 22.15 11.8 and 13 hours after the trigger. Red lines
are the observed light curves, the green shaded
H. 18.79 20.42 21.39 area represents the sensitivity of COLIBRI. The
gri 2212 21.36 | 23.77 23.00 | 24.75 23.98 observations consist in stack of 30s individual ex-
7y 20.25 20.06 | 21.90 21.71 | 22.88 22.68 posure with SNR=5, an airmass of 1.5 and 7 days
B 2139 2047 | 23.07 22.12 | 24.05 23.10 after the new moon. The vertical black dashed

lines correspond to 5, 10 and 30 minutes after
the beginning of the observations.

3.3.1 Real case: GRB080607

An objective of COLIBRI end-to-end simulations is to use real GRB light curves and to study whether COLIBRI
would have detected the GRB at a given time and to simulate the corresponding raw images in the desired bands.
COLIBRI with its fast response time, good sensitivity and NIR spectral coverage is designed to detect dusty
high redshift GRBs. We present here the case of GRB080607, a high extinguished GRB (A=2.33 mag!) at
redshift 3.03. This kind of GRB are among the most interesting ones to study the dust properties in the host
galaxy, but only a few of them have been detected so far. This specific GRB is very interesting because a very
early follow-up (less than 30s after the trigger in optical and less than 100s in the NIR) has been performed and
thus a very well time sampling multi-wavelength light curve is available.

The multi-wavelength light curve of GRB080607 is seen on Figure 5. Data are taken from a GRB database
under construction, which compiled all GRB observations (Turpin, Klotz, Cordier, Gendre (in prep.)). Each
band is interpolated using a spline interpolation. We define 4 times at which observations start: 100 seconds, 10
minutes, 30 minutes and 1 hour. At a given time we fit the Spectral Energy Distribution (SED) with a power
law, the same extinction law as in [1] and taking into account the transmission of the Inter Galactic Medium
(IGM) using the prescriptions of [2]:

A
Fu(A 2, Ay, B,to) = Fo(to) % (A—O)ﬁ(m) x 10704 exp [~Tr6a (2))] (1)

where Fy and )y are the flux and effective wavelength of the H band at a given time, ty. S is the spectral slope,
A, the extinction curve and 77¢ps(z) the transmission of the IGM for a source located at redshift z.

The SED is fitted at several times between the beginning and end of observations: ¢y and tg 4 teqp, With tesy, the
exposure time. This allows to integrate the flux both in time and wavelength in order to simulate what would
have seen COLIBRI at a given time for a given exposure time in a given filter band. The results are reported in
Figure 6. In the left panel all observations are performed with a single exposure of 30s, corresponding to the first
image COLIBRI would have taken if observations start at 100s, 10min, 30min or 1h after the trigger. We see
that is clearly detected up to 30 minutes after the trigger, whereas at 1 hour after the trigger it is only weakly
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detected in J and H bands. The right panel corresponds to the case where the GRB is detected at 100s after
the trigger and later on the exposure time is adjusted: 2 exposures of 30s at 10min, 10 exposures of 30s at 30min
and 20 exposures of 30s at 1h after the trigger. The GRB is clearly detected at all times in each band. These
simulation results confirm the potential of COLIBRI to detect dusty GRBs even at high redshift.

GRB 080607

- . of

101 J

= ;
E T
x — K \\
Z 101 H 4
J — )
Y :QQ\TN*
S : o
1 1 1 1
! 1 ; 1 1
102 103 104

Time since GRB trigger [s]

Figure 5: Multi-wavelength light curve of GRB080607. Dots represent real observations and the solid line is a
spline interpolation for each filter band. The black dashed line represent the time at which we extract the SED,
from left to right: 100 seconds, 10 minutes, 30 minutes and 1 hour.

Figure 6: From top to bottom: images of GRB080607 seen in each filter band of COLIBRI starting at 100
seconds, 10 minutes, 30 minutes and 1 hour after the GRB trigger. Left: each image is a single exposure of 30
seconds. Right: Exposure time is adapted to the time at which the observations start: 30s exposure time at
100s, 2x30s at 10min, 10x30s at 30min and 20x30s at 1h.

4. ESTIMATION OF PHOTOMETRIC REDSHIFT ACCURACY

One of the main motivation to perform an end-to-end simulation for COLIBRI is to assess the accuracy on the
photometric redshift estimation after 5 minutes of observations with the adopted optical design of the telescope.
The SED fitting procedure to obtain photometric redshifts is based on the fit of the overall shape of the spectra
and on the detection of the strong spectral properties, here only two prominent signatures can hint information
about the redshift: the Lyman break at 912 x (1 + z)A and the Lyman-a at 1216 x (1 + 2)A.

Proc. of SPIE Vol. 10705 107051R-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1%@8/201
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use - age 86 —



In Sections 4.1 and 4.2 we first describe the steps to simulate the first 5 minutes of a GRB observation with
COLIBRI: the GRB light curves modelling and setting an observation strategy. In Section 4.3 we describe the
photometric redshift algorithm. In Section 4.4 we present the results.

4.1 GRB afterglow light curves modelling

The first part of the end-to-end simulation is the modelling of multi-wavelength GRB light curves. We first need
to compute the intrinsic emission spectrum of the GRB, then to take into account the dust extinction in the
host galaxy and the transmission in the IGM.

- GRB emission spectrum: GRB afterglows are well described by synchrotron emission from accelerated
electrons in relativistic blast wave interacting with an external medium [3,4]. The observed synchrotron spec-
trum is composed of series of power-law segments joined at certain break frequencies (see [3,4]). We have
implemented a standard synchrotron model* following the prescriptions of [4, described by the following param-
eters:

- Eso: total energy in the shell (in 10%2ergs)

- p: index of the electron power-law distribution

- ep: fraction of shock energy converted to the magnetic fields energy.

- €.: fraction of shock energy used to accelerate the electrons

- ng: particle density in the ambient medium (em=3)

- Y: Inverse Compton parameter, to take into account the Inverse Compton effects on the cooling of electrons.
Set to zero for all GRBs.

For the circumburst environment, we only simulate GRBs with a constant density profile, p = ng.

More sophisticated models, such as the introduction of a reverse shock might be used in future developments.

- Host galaxy dust reddening: the dust along the line-of-sight of the GRB absorbs and scatters the emitted
photons. This process occurs more efficiently at shorter wavelength which “reddens” the light, i.e. blue light is
more attenuated than the red light. The wavelengths affected are primarily from the ultra-violet to the NIR. To
model the effect of the intrinsic reddening due to dust in the circumburst medium of the host galaxy, different
dust extinction laws can be used: the average Milky Way (MW), Small Magellanic Cloud (SMC) or Large Mag-
ellanic Cloud (LMC) from [5].

- IGM transmission: the Lyman-a forest phenomenon is related to the presence of intergalactic neutral
hydrogen along the line of sight between the observer and the source. The Lyman series spectral lines represent
the transition of an electron from the ground state (n = 1) to an excited one (n > 1). We use the method
developed in [2] to simulate the effect of the Lyman-« forest.

- Galactic dust reddening: to take into account the galactic dust reddening, we use the position (RA,DEC)
of the GRB in order to estimate the color excess E(B — V') along this line of sight from the dust maps from [6].
To convert the color excess into an extinction in each band the extinction law of 7] is used.

4.2 Observation strategy

Once the GRB light curves are simulated we need to set an observation strategy describing at what time after the
GRB trigger COLIBRI is observing the GRB, in which filter and how long to expose. The main objective of the
simulation is to study the first 5 minutes of observations and we have selected 3 times at which the observations
start: tp+60s representing the most favourable case of a GRB observable as soon as the alert is received, ty+12h
representing the extreme case of a GRB exploding at dawn and tp+24h to study the evolution of photometric
redshift with time.

A good photometric redshift estimation required a good spectral coverage to localise the wavelength at which
Lyman-a or Lyman break occur. At the beginning of the observations, very large filters are used to optimise the
detection of the GRB, gri and zy for the visible channels and J band in the NIR channel. As soon as the GRB

https://pyGRBaglow.readthedocs.io
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is detected in one band, the filters are successively changing between g, r and ¢ in the DDRAGO-B channel,
between z and y in the DDRAGO-R channel and between J and H for the NIR channel in order to have a good
spectral coverage. Each observation has an exposure time of 30s.

4.3 Photometric redshift algorithm

The photometric redshift code is based on a Monte Carlo Markov Chain analysis using the python package
emcee® which provides an affine-invariant Ensemble sampler and a Parallel-Tempering (PT) Ensemble sampler
allowing a Bayesian estimate of the posterior density function of the free parameters. From these posteriors we
can estimate the uncertainties and correlations between the parameters. The PT Ensemble sampler allows a
better sampling of the parameter space in case of multiple regions of high likelihood, for instance in the case
where there is a high probability for a GRB to be either at high redshift or highly extinguished.

The likelihood function needs to account for both detections and non-detections, this is given by (e.g [9, 10]):

L =T p(es) Ple) = @)

where e; = Mops,i — Mimodel,i 15 the residuals, with meps,; and Mypeder,i the observed and computed magnitudes
in a given filter 4. §; is a 0/1 variable indicating whether an observation is a detection (1) or an upper limit (0),
p(e;) is the probability density function (PDF) of the residuals and F(e;) the survival function also known as the
complementary cumulative distribution function of the residuals. By definition F'(x) represents the probability
of exceeding x, so here F(e;) represents the probability that meder,; exceeds mops ;.

For a Gaussian model error the PDF is given by:

where o; are the measurement uncertainties.

The survival function is defined as: F(e;) =1—0.5 <1 +erf (

€

V20,

The AB magnitude is computed by integrating the flux over the passband:

>> where er f(x) is the error function.

[ Fy(A\ 2 Ay, 8) - Ti - A~1dA
TTi ATdx

Mmodel,i = —2.5- lOglo < ) +23.9 (4)
where F, (A, z, Ay, 8) is a power law template spectrum as defined in Equation 1. A broken-power law template
can also be used. T}; is the system throughput curve using filter i.

The photometric redshift code is an open source Python package®.

In order to test and validate the code, we have selected GRBs having a spectroscopic measurement of the redshift
and spamming a wide range of redshifts. The estimation of the photometric redshift and its 1o uncertainty can
be seen in Figure 8 in Appendix A. The agreement with the spectroscopic is very good above z > 3. For
z < 3, Lyman-a does not enter the optical filter band and as we do not have UV observations it results in larger
uncertainties.

4.4 Results

We create a mock sample of 500 GRB afterglows spamming the redshift range from 0 to 10. The parameters
of the synchrotron model of [4] are drawn from distributions based on GRB observations [11]. The distribution
of all parameters can be seen in Appendix B. An example of the end-to-end simulation for 1 GRB afterglow is
given in Appendix C.

The accuracy of the photometric redshift estimation is seen in Figure 7 where the estimated photometric redshift,
the absolute accuracy zphot — Zsim and relative accuracy (Zphot — Zsim)/(1 + zsim) are plotted as a function of
the input redshift for 5 minutes of observations starting 60s, 12h and 24h after ¢;. The redshift range can be
split in 3 regions:

Shttp://pyGRBz.readthedocs.io
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- z <3 where the Lyman-a does not enter the g band.

- 3< z <7 where there is a good spectral coverage thanks to the use of contiguous filter bands: g, r, i, 2, y.

- z >7 where a detection is only possible in the NIR bands (J, H).

As expected, for z < 3 COLIBRI will not be able to constrain accurately the redshift but will deliver an upper
limit. For the range 3< z <7 COLIBRI will be able to derive photometric redshifts with good accuracy. The bad
estimations are due to small SNRs resulting in a detection in only one or few bands. At z > 7 with detections
only in J and H there is a degeneracy between the spectral slope, (3, the redshift and the amount of extinction
in the host galaxy. A high SNR is required to break degeneracy between the redshift and reddening. This is
illustrated in Figure 7 where at ¢9+60s the zppo: of GRBs at z ~9.7 are accurately estimated whereas at to+12h
and tp+24h it is not possible anymore to distinguish a high redshift GRB from a highly extinguished GRB
because of the SNR decrease.

For this mock sample, we derive the statistics on the number of detections, mean absolute and relative accuracy
for the 3 redshift range at the 3 different times in Table 4.
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Figure 7: Results of the estimation of z,4, for the 500 GRBs observed during 5 minutes starting at ¢y-+60s,
to+12h and to+24h (from left to right). From top to bottom: z,het, absolute difference zpnot — zsim and relative
difference (zphot — Zsim)/(1 + Zsim) as a function of the input redshift zs;,,. The colorbar encodes the amount
of attenuation in the V band i the host galaxy. The symbols, located at the zp4,; estimation, represents how
many bands have a SNR>3. The blue shaded area represents the 1o uncertainty associated to the photometric
redshift estimation.
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Table 4: Statistics summary of the photometric redshift estimation for the mock sample. For the three times
and 3 redshift range the number of detected GRBs, mean absolute and relative accuracy are reported.

nb of detections  |zphot — Zsim|  (|Zphot — Zsim|)/(1 + Zsim)
z<3  81/107 (75.7%) 0.74 0.37
to+60s 3 <z<7 135/ 253 (53.3%) 0.23 0.041
2>7 37/ 140 (26.4%) 0.93 0.10
z <3 55 / 107 (51.4%) 0.62 0.33
to+12h 3<z2 <7 92/ 253 (36.4%) 0.30 0.056
2>7 26/ 140 (18.6%) 1.10 0.12
2<3 50/ 107 (46.7%) 0.57 0.26
to+24h 3<z<7 80/ 253 (31.6%) 0.32 0.062
2>7 22140 (15.7%) 1.09 0.12

5. CONCLUSION

The end-to-end simulator for COLIBRI accounts for the observation site characteristics (atmospheric transmis-
sion, seeing and sky background), the telescope characteristics (aperture, wavelength dependent transmission
of each optical element, default or user defined Point Spread Functions) and detector characteristics (quantum
efficiency, dark current, pixel dependent readout noise and gain,etc). It allows simulating realistic field of views
by querying different astronomical catalogs (i.e. Pan-STARRS, NOMAD-1, 2MASS). The COLIBRI sensitivity
reaches magnitude 21.2 in r band and 19.5 in J band (AB system, 30 s exposure time, SNR=5), which allows
detecting about 95% of the observed GRB dataset. Starting observations 12 hours after the trigger, despite the
decrease in the GRB brightness, COLIBRI has still sufficient sensitivity to detect about 70% of the GRB dataset
in the NIR domain. To satisfy the requirement of delivering a photometric redshift indication, a Bayesian photo-
metric redshift code dedicated to GRB has been developed. The photometric redshift accuracy is estimated on
a sample of 500 simulated GRBs. The expected relative accuracy is about 5% in the redshift range of interest:
3<z<T.

The end-to-end simulator will be used to test different observation strategies in order to select the few pre-
defined strategies that will be automatically used in the first 5 minutes of COLIBRI observations.

The next step for the end-to-end simulations will be to include the pipeline responsible for source extractions,
which is in current development. This will allow to perform a realistic simulation of a set of observations with
COLIBRI: from the simulations of GRB light curves to the production of corresponding images and sources
extraction before performing a photometric redshift estimation. This end-to-end simulator will be used for other
ground follow-up telescopes of the SVOM mission.

The end-to-end simulator will be in continuously development up to the installation of COLIBRI at OAN
in 2020. For instance, it will be updated when the behavior of the detectors will be tested in the laboratory to
ensure that the end-to-end simulator is a faithful modelling of COLIBRI.
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APPENDIX A. VALIDATION OF THE PHOTOMETRIC REDSHIFT CODE.
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2 H @ Table 5: Spectroscopic redshift measurements are taken
from [12]. The photometric redshift estimation and its
0 3 3 ¢ 3 1 1o uncertainty are given in the third column.
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Figure 8: Estimation of the photometric red-
shift and its 1o uncertainty as a function of
the spectroscopic redshift of observed GRBs.
From top to bottom: zp,., absolute ac-
CUracy Zphot — Zspec and relative accuracy
(Zphot — Zspec)/ (14 Zspec) as a function of the
spectroscopic redshift zgpe.
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APPENDIX B. PARAMETERS DISTRIBUTION FOR THE MOCK SAMPLE.

The distribution for the redshit is a Gaussian probability distribution with mean 5.5 and a standard deviation of
4 truncated at 0 and 10 in order to especially probe the redshift range 3 to 9. The distribution for the amount of
extinction in the V band is a Gaussian probability distribution with mean 0.1 mag and a standard deviation of
0.3 mag truncated at 0 and 2 mags. The extinction law is randomly drawn between a SMC, LMC and MW with
respectively 60%, 20% and 20% probability. The parameters of the synchrotron model of [4] are drawn from
distributions based on GRB observations [11]. There is one caveat by randomly drawing a parameter value from
a distribution independently from the other distributions, i.e. not taking into account the correlation between
parameters. Consequently it might sometimes result in a non realistic set of parameter values. This might
explain the GRB afterglows with a rather long rise flux in the light curves in Figure 11. One solution would be
to tight some of the parameters during the draw.
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80
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Figure 9: Parameters distributions used to build the mock sample of 500 GRBS. zg, is the redshift, Ay pos: the
amount of attenuation in the host galaxy in the V band, F is the isotropic kinetic energy of the ejecta (in ergs),
ep is the fraction of shock energy converted to the magnetic fields energy, €. is the fraction of shock energy used
to accelerate the electrons, p is the index of the electron power-law distribution, and ng is the particle density
in the ambient medium (cm=3).
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APPENDIX C. EXAMPLE OF AN END-TO-END SIMULATION FOR A SINGLE
GRB.

We present here an example of the end-to-end simulation process for a single GRB. From the GRB afterglow
light curves the ETC is used to compute the magnitudes and SNR in each band at different time given by the

observation strategy (top left panel of Figure 10). The photometric error is defined as oo; = \/ (1/SNR)? +02,,)

with oy the systematic uncertainty, set to 0.04 and 0.06 mag for the visible and NIR channels respectively. The
magnitude is then varied using a Gaussian probability distribution with o,; as the standard deviation. Each
band is fitted with a single power law. Then the SED is extracted at the time where the flux in the reddest band
is the highest (bottom left panel of Figure 10). This SED is fitted using the photometric redshift code which
computes the 1D and 2D Probability Density Functions for each parameters (top right panel of Figure 10). The
fitted SED is plotted in bottom right panel of Figure 10.
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Figure 10: Example of a end-to-end simulation for a single GRB.
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APPENDIX D. LIGHT CURVES OF OUR GRB MOCK SAMPLE.
The GRB afterglow light curves of the 500 GRBs in the r and J bands are showed in Figure 11.
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Figure 11: Light curves in r (left) and J (right) bands of the 500 GRBs in our mock sample. The dashed red
line represents the 50 limiting magnitude for an exposure of 30s. For an airmass of 1.5, a seeing at zenith of
0.8” and 7 days after the new moon this corresponds to an AB magnitude of 21.27 and 19.54 in r and J bands
respectively. The different time at which the observations are represented by the blue and green dashed lines.
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C. Comparing C00 and SBL18 recipes to RT models : fitting the normali-
sed attenuation curve
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Figure C.1— Absolute and relative difference of the best fit of RT attenuation curves adopting the WD dust models with
different attenuation recipes : C00 (orange points), SBL18 (blue points). From left to right : WD-MW, WD-LMC and
WD-SMC dust types. From top to bottom : absolute difference between the intrinsic shape of RT attenuation curve, i.e.
AfT/AﬁT, and the intrinsic shape of the best fit for a given recipe, i.e, A;ecwe/ArVecwe, relative difference, absolute values
of the absolute difference, and the absolute values of the relative difference. The dotted grey line represents no deviation,
the light and dark grey dashed lines represent a deviation of 5 and 10 % respectively. A:/emp ¢ was fixed to AgT for the fit.
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Figure C.2— Same as Figure C.1 but for the WG dust models.
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D. GRBHs data and best fit results with CIGALE

D.1. GRBHs photometry and emission lines fluxes

Table D.1— GRB host photometry. Magnitudes are given in the standard calibration system for each filter. Both
magnitudes and fluxes are corrected for Galactic extinction using SCHLAFLY et FINKBEINER, 2011

Host Band Magnitude Flux (pJy) Instrument Reference
050915A g 25.12 £ 0.17 0.33 £ 0.05 Keck-I/LRIS D. A. PERLEY et al., 2013
\% 24.99 £ 0.11 0.37 + 0.04 Keck-I/LRIS D. A. PERLEY et al.,, 2013
R 24.69 + 0.16 0.48 + 0.07 VLT /FORS2 HJjoRrTH et al., 2012
I 24.26 + 0.09 0.72 + 0.06 Keck-I/LRIS D. A. PERLEY et al., 2013
K 22.57 £ 0.24 3.41 £ 0.75 VLT /ISAAC HJjorTH et al., 2012
3.6 um 21.65 + 0.10 7.91 £ 0.73 Spizer /IRAC1 D. A. PERLEY et al.,, 2013
4.5 pm 21.64 + 0.10 8.02 £ 0.74 Spitzer /IRAC2 D. A. PERLEY et al., 2013
051022A U 23.41 £ 0.20 1.57 + 0.29 1.5m OSN CASTRO-TIRADO et al., 2007
B 22.52 £ 0.10 3.55 + 0.33 1.5m OSN CASTRO-TIRADO et al., 2007
\% 21.91 £ 0.13 6.23 £ 0.75 Danish/DFOSC D. A. PERLEY et al., 2013
F606W  22.02 + 0.01 5.65 £ 0.03 HST/WFC1 BLANCHARD et al., 2016
T 21.80 + 0.03 6.90 £ 0.19 Gemini-S/GMOS D. A. PERLEY et al., 2013
i 21.35 £ 0.13 10.49 £ 1.26 Gemini-S/GMOS D. A. PERLEY et al., 2013
I 21.12 £ 0.10 12.92 £ 1.19 KeckII/DEIMOS D. A. PERLEY et al., 2013
z 20.96 + 0.06 14.98 £ 0.83 Gemini-S/GMOS D. A. PERLEY et al., 2013
J 20.62 + 0.11 20.57 £ 2.08 UKIRT/WFCAM D. A. PERLEY et al., 2013
F160W  20.72 £ 0.10 18.69 £ 1.72 HST/WFC3IR D. A. PERLEY et al., 2013
K 20.12 + 0.09 32.58 £ 2.70 UKIRT/WFCAM D. A. PERLEY et al., 2013
3.6 um 20.41 + 0.04 25.00 £ 1.00 Spizer /IRAC1 L. K. HUNT et al., 2014
4.5 pm 20.70 + 0.06 19.00 £ 1.00 Spitzer /IRAC2 L. K. HUNT et al., 2014
100 pm 6500.00 £ 1000.00 Herschel/PACS L. K. HUNT et al., 2014
160 pm < 21400.00 Herschel/PACS L. K. HUNT et al., 2014
250 pm < 17700.00 Herschel/SPIRE L. K. HUNT et al., 2014
350 um < 15600.00 Herschel/SPIRE L. K. HUNT et al., 2014
500 pum < 19500.00 Herschel/SPIRE L. K. HUNT et al., 2014
5.23 GHz 13.30 & 3.60 VLA D. A. PERLEY et R. A. PERLEY, 2013
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Host Band Magnitude Flux (pJy) Instrument Reference
060306 u 25.57 £ 0.20 0.22 + 0.04 Keck-1/LRIS D. A. PERLEY et al., 2013
B 25.13 £ 0.10 0.32 + 0.03 Keck-1/LRIS D. A. PERLEY et al., 2013
g 25.07 £ 0.18 0.34 + 0.06 Keck-1/LRIS D. A. PERLEY et al., 2013
R 24.60 £ 0.20 0.52 £ 0.10 Keck-1/LRIS D. A. PERLEY et al., 2013
I 23.80 £ 0.09 1.10 £ 0.09 Keck-1/LRIS D. A. PERLEY et al., 2013
Z 23.72 £ 0.17 1.18 £ 0.19 Keck-1/LRIS D. A. PERLEY et al., 2013
K 21.99 £ 0.10 5.78 £+ 0.53 Gemini-N/NIRI D. A. PERLEY et al., 2013
3.6 um 21.13 £ 0.07 12.79 + 0.82 Spizer /IRAC1 D. A. PERLEY et al., 2013
4.5 pm 21.13 £ 0.07 12.84 + 0.83 Spitzer /IRAC2 D. A. PERLEY et al., 2013
5.23 GHz < 31.20 VLA . A. PERLEY et R. A. PERLEY, 2013
3 GHz < 19.20 VLA D. A. PERLEY et al., 2015
060319 u 24.59 + 0.11 0.53 + 0.05 Keck-1/LRIS D. A. PERLEY et al., 2013
g 24.44 £ 0.09 0.61 + 0.05 Keck-I/LRIS D. A. PERLEY et al., 2013
R 24.34 £ 0.14 0.67 + 0.09 Keck-1/LRIS D. A. PERLEY et al., 2013
Z 22.90 £ 0.10 2.51 £ 0.23 Keck-1/LRIS D. A. PERLEY et al., 2013
K 22.09 £ 0.14 5.30 £ 0.68 Keck-I/NIRC D. A. PERLEY et al., 2013
3.6 um 21.36 £ 0.04 10.33 + 0.38 Spizer/IRAC1 D. A. PERLEY et al., 2013
4.5 pm 21.49 £ 0.05 9.20 4+ 0.42 Spitzer /IRAC2 D. A. PERLEY et al., 2013
060814 \% 23.04 £ 0.10 2.20 + 0.20 Keck-I/LRIS D. A. PERLEY et al., 2013
R 22.95 £ 0.11 2.39 + 0.24 VLT /FORS2 HJiorrH et al., 2012
I 22.76 £ 0.13 2.86 + 0.34 Keck-I/LRIS D. A. PERLEY et al., 2013
F125W 22.09 £ 0.15 5.28 + 0.73 HST/WFC3IR D. A. PERLEY et al., 2013
F160W 21.75 £ 0.15 7.24 + 1.00 HST/WFC3IR D. A. PERLEY et al., 2013
K 21.93 £ 0.10 6.12 £+ 0.56 VLT/ISAAC HJiorrH et al., 2012
3.6 um 21.37 £ 0.09 10.26 + 0.85 Spizer/IRAC1 D. A. PERLEY et al., 2013
4.5 ym 21.17 £ 0.07 12.38 = 0.80 Spitzer /IRAC2 D. A. PERLEY et al., 2013
3 GHz 11.34 + 3.12 VLA D. A. PERLEY et al., 2015
060912A U 23.77 £0.14 1.13 £ 0.15 TNG/DOLORES VERGANI et al., 2015
B 23.26 £ 0.11 1.80 £+ 0.18 TNG/DOLORES VERGANI et al., 2015
A% 23.35 £ 0.14 1.66 + 0.21 TNG/DOLORES VERGANI et al., 2015
R 22.76 £ 0.04 2.87 £ 0.11 VLT /FORS2 HJORTH et al., 2012
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Host Band Magnitude Flux (pJy) Instrument Reference
I 22.80 £ 0.13 2.75 4+ 0.33 TNG/DOLORES VERGANI et al., 2015
J > 21.90 < 6.31 TNG/DOLORES VERGANI et al., 2015
F160W 21.55 £ 0.01 8.73 + 0.10 HST/WFC3 BLANCHARD et al., 2016
K 21.73 £ 0.09 7.39 £+ 0.61 VLT/ISAAC HJORTH et al., 2012
3.6 um  21.55 % 0.03 8.70 £ 0.24 Spizer/IRAC1 D. A. PERLEY et al., 2016b
3 GHz < 10.10 VLA D. A. PERLEY et al., 2015
061121 u 22.84 £ 0.10 2.64 + 0.24 Keck-I/LRIS D. A. PERLEY et al., 2015
B 23.06 £ 0.05 2.17 £+ 0.10 Keck-I/LRIS D. A. PERLEY et al., 2015
g 22.80 £ 0.04 2.74 £+ 0.10 Keck-I/LRIS D. A. PERLEY et al., 2015
R 22.84 £ 0.03 2.65 + 0.07 VLT/FORS2 HiorrH et al., 2012
i 22.59 £ 0.10 3.35 £ 0.31 Keck-I/LRIS D. A. PERLEY et al., 2015
Z 22.30 £ 0.08 4.38 £ 0.32 Keck-I/LRIS D. A. PERLEY et al., 2015
J 22.16 £ 0.28 4.98 + 1.29 P200/WIRC D. A. PERLEY et al., 2015
K 22.01 £ 0.19 5.70 £ 1.00 VLT/ISAAC HJoRTH et al., 2012
3.6 um 21.49 £ 0.10 9.20 £+ 0.85 Spizer/IRAC1 D. A. PERLEY et al., 2015
3 GHz 17.07 + 5.47 VLA D. A. PERLEY et al., 2015
070306 u 23.06 £ 0.46 2.18 + 0.92 SDSS JAUNSEN et al., 2008
g’ 22.81 £ 0.09 2.73 £ 0.23 GROND KRUHLER et al., 2011
r’ 23.02 £ 0.09 2.25 + 0.19 GROND KRUHLER et al., 2011
R 23.03 £ 0.08 2.23 £+ 0.16 VLT /FORS2 HJioRrTH et al., 2012
i’ 22.77 £ 0.13 2.84 + 0.34 GROND KRUHLER et al., 2011
I 22.58 £ 0.19 3.36 £+ 0.59 NOT/ALFOSC JAUNSEN et al., 2008
z’ 22.83 £ 0.17 2.69 + 0.42 GROND KRUHLER et al., 2011
F125W 21.89 £ 0.03 6.36 = 0.18 HST/WFC3IR D. A. PERLEY et al., 2013
F160W 21.68 £ 0.03 7.75 £ 0.21 HST/WFC3IR D. A. PERLEY et al., 2013
Ks 21.58 £ 0.10 8.50 + 0.78 VLT/ISAAC HJioRTH et al., 2012
3.6 um 21.55 £ 0.11 8.70 £ 0.90 Spizer/IRAC1 L. K. HUNT et al., 2014
4.5 pm 20.96 £ 0.14 15.00 + 2.00 Spitzer /IRAC2 L. K. HUNT et al., 2014
100 um 4900.00 £+ 700.00 Herschel/PACS L. K. HUNT et al., 2014
160 pm 10700.00 £ 2000.00 Herschel/PACS L. K. HUNT et al., 2014
3 GHz 11.30 + 2.80 VLA D. A. PERLEY et al., 2015
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Host Band Magnitude Flux (pJy) Instrument Reference
070521 B 27.50 £ 0.35 0.04 £ 0.01 Keck-I/LRIS D. A. PERLEY et al., 2013
v 26.46 £ 0.28 0.09 £ 0.02 Keck-I/LRIS D. A. PERLEY et al., 2013
I 25.31 £ 0.37 0.27 £ 0.09 Keck-I/LRIS D. A. PERLEY et al., 2013
Z 24.63 £ 0.28 0.51 £ 0.13 Keck-I/LRIS D. A. PERLEY et al., 2013
J 23.41 £ 0.34 1.57 + 0.49 Keck-I/MOSFIRE D. A. PERLEY et al., 2013
F160W 23.04 £ 0.10 2.21 £+ 0.20 HST/WFC3IR D. A. PERLEY et al., 2013
K 22.75 £ 0.18 2.89 + 0.48 Gemini-N/NIRI D. A. PERLEY et al., 2013
3.6 um 21.85 £ 0.13 6.58 + 0.79 Spizer/IRAC1 D. A. PERLEY et al., 2013
4.5 pm 21.50 £ 0.11 9.12 £ 0.92 Spitzer /IRAC2 D. A. PERLEY et al., 2013
5.23 GHz 28.00 £ 10.30 VLA D. A. PERLEY et R. A. PERLEY, 2013
070802 R 25.15 £ 0.09 0.32 £ 0.03 VLT /FORS2 ELfASDOTTIR et al., 2009
i 25.46 £+ 0.30 0.24 + 0.07 NTT/EFOSC KRUHLER et al., 2011
F106W 24.73 £ 0.09 0.47 £ 0.04 HST/WFC3IR D. A. PERLEY et al., 2013
J 24.48 £ 0.30 0.58 £ 0.16 NTT/EFOSC KRUHLER et al., 2011
F160W  24.04 &+ 0.05 0.88 £ 0.04 HST/WFC3IR D. A. PERLEY et al., 2013
K 23.39 + 0.30 1.60 £+ 0.44 VLT/ISAAC ELIASDOTTIR et al., 2009
4.5 pm 23.59 £ 0.24 1.33 £ 0.29 Spitzer/IRAC2 D. A. PERLEY et al., 2013
071021 B 26.17 £ 0.20 0.12 + 0.02 Keck-I/LRIS D. A. PERLEY et al., 2013
g 25.63 £ 0.12 0.20 + 0.02 Keck-1/LRIS D. A. PERLEY et al., 2013
\Y% 25.16 £ 0.17 0.31 + 0.05 Keck-1/LRIS D. A. PERLEY et al., 2013
I 24.31 £ 0.20 0.69 + 0.13 Keck-1/LRIS D. A. PERLEY et al., 2013
Z 24.72 £ 0.30 0.47 + 0.13 Keck-1/LRIS D. A. PERLEY et al., 2013
F105W 24.23 £ 0.10 0.74 + 0.07 HST/WFC3IR D. A. PERLEY et al., 2013
J 22.91 £+ 0.43 2.50 £+ 1.00 VLT/ISAAC L. K. HUNT et al., 2014
F160W 23.20 £ 0.04 1.91 + 0.07 HST/WFC3IR D. A. PERLEY et al., 2013
K 22.12 £ 0.23 5.16 &+ 1.09 Keck-I/NIRC D. A. PERLEY et al., 2013
3.6 um 21.12 £ 0.06 12.90 4+ 0.70 Spizer /IRAC1 L. K. HUNT et al., 2014
4.5 pm  20.89 £ 0.07 16.00 + 1.00 Spitzer/IRAC2 L. K. HUNT et al., 2014
100 pum < 6000.00 Herschel/PACS L. K. HUNT et al., 2014
160 pum < 19700.00 Herschel/PACS L. K. HUNT et al., 2014
250 pm < 19800.00 Herschel/SPIRE L. K. HUNT et al., 2014
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Host Band Magnitude Flux (pJy) Instrument Reference
350 pum < 16200.00 Herschel/SPIRE L. K. HUNT et al., 2014
500 pm < 21900.00 Herschel/SPIRE L. K. HUNT et al., 2014
5.23 GHz < 25.40 VLA D. A. PERLEY et R. A. PERLEY, 2013
080207 g 27.42 + 0.30 0.04 + 0.01 Keck-I/LRIS SVENSSON et al., 2012
R 25.98 + 0.18 0.15 + 0.02 VLT /FORS2 HJORTH et al., 2012
I 25.85 + 0.29 0.17 + 0.04 Keck-I/LRIS SVENSSON et al., 2012
z’ 25.04 + 0.19 0.35 + 0.06 Gemini/GMOS L. HunT et al., 2011
F110W  23.23 £ 0.02 1.86 £ 0.04 HST/WFC3IR BLANCHARD et al., 2016
F160W  23.00 &+ 0.19 2.30 £+ 0.40 HST/NICMOS3 L. K. HUNT et al., 2014
Ks 21.74 £ 0.15 7.30 £+ 1.00 VLT/ISAAC L. HunT et al., 2011
3.6 yum  21.00 £ 0.02 14.40 £ 0.31 Spizer/IRAC1 L. HunT et al., 2011
4.5 yum  20.92 £+ 0.03 15.51 £+ 0.44 Spizer/IRAC2 L. HunT et al., 2011
58 pm  20.73 £ 0.09 18.53 + 1.58 Spizer/IRAC3 L. HunT et al., 2011
8.0 um  21.16 £ 0.15 12.52 £ 1.76 Spizer/IRAC4 L. HunT et al., 2011
24 pm 18.99 + 0.08 92.43 + 6.50 Spizer/MIPS1 L. HunT et al., 2011
100 pm 2200.00 £ 600.00 Herschel /PACS L. K. HUNT et al., 2014
160 pum 5900.00 £ 1400.00 Herschel /PACS L. K. HUNT et al., 2014
250 pm < 19500.00 Herschel/SPIRE L. K. HUNT et al., 2014
350 um < 20400.00 Herschel/SPIRE L. K. HUNT et al., 2014
450 pm < 53220.00 JCMT/SCUBA2 SVENSSON et al., 2012
500 pm < 21900.00 Herschel/SPIRE L. K. HUNT et al., 2014
850 pum < 13122.00 JCMT/SCUBA2 SVENSSON et al., 2012
5.23 GHz 17.10 4+ 2.50 VLA D. A. PERLEY et R. A. PERLEY, 2013
080325 B 25.67 £ 0.11 0.20 £+ 0.02 Subaru/Suprime HAasHIMOTO et al., 2010
Re 25.47 £ 0.16 0.24 £+ 0.03 Subaru/Suprime HAsHIMOTO et al., 2010
i’ 24.87 £ 0.16 0.41 £ 0.06 Subaru/Suprime HASHIMOTO et al., 2010
z’ 24.47 £ 0.07 0.59 £ 0.04 Subaru/Suprime HASHIMOTO et al., 2010
F125W  22.76 £+ 0.04 2.87 £ 0.11 HST/WFC3IR D. A. PERLEY et al., 2013
F160W  22.45 4+ 0.04 3.81 £0.14 HST/WFC3IR D. A. PERLEY et al., 2013
Ks 21.67 + 0.06 7.81 £ 0.43 Subaru/MOIRCS HASHIMOTO et al., 2010
3.6 pm  20.94 £ 0.06 15.30 £+ 0.80 Spizer/IRAC1 L. K. HUNT et al., 2014
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Host Band Magnitude Flux (pJy) Instrument Reference
4.5 ym  21.04 £+ 0.06 13.90 £+ 0.80 Spizer/IRAC2 L. K. HUNT et al., 2014
100 pym 1400.00 + 400.00 Herschel /PACS L. K. HUNT et al., 2014
160 pm 5000.00 £ 800.00 Herschel /PACS L. K. HUNT et al., 2014
250 pm < 18000.00 Herschel/SPIRE L. K. HUNT et al., 2014
350 pm < 16800.00 Herschel/SPIRE L. K. HUNT et al., 2014
500 pum < 26700.00 Herschel/SPIRE L. K. HUNT et al., 2014
5.23 GHz < 12.40 VLA D. A. PERLEY et R. A. PERLEY, 2013
080605 g’ 22.70 + 0.07 3.02 £ 0.19 GROND KRUHLER et al., 2011
r’ 22.52 + 0.07 3.55 +£ 0.23 GROND KRUHLER et al., 2011
i 22.60 + 0.08 3.32 +£0.24 GROND KRUHLER et al., 2011
z’ 22.60 + 0.11 3.32 £ 0.34 GROND KRUHLER et al., 2011
J 22.23 + 0.30 4.68 + 1.29 WHT/LIRIS KRUHLER et al., 2012
F160W  21.98 + 0.04 5.87 +£ 0.22 HST/WFC3 KRUHLER et al., 2012
Ks 21.81 + 0.30 6.86 + 1.90 WHT/LIRIS KRUHLER et al., 2012
3.6 um  21.59 £ 0.10 8.42 + 0.78 Spitzer/IRAC1 D. A. PERLEY et al., 2016b
080607 g 26.68 + 0.15 0.08 + 0.01 Keck-1/LRIS D. A. PERLEY et al., 2013
\Y 26.68 + 0.20 0.08 + 0.01 Keck-I/LRIS D. A. PERLEY et al., 2013
r 26.70 + 0.46 0.08 £ 0.03 Magellan/IMACS D. A. PERLEY et al., 2013
I 26.23 + 0.21 0.12 + 0.02 Keck-I/LRIS D. A. PERLEY et al., 2013
F160W  24.69 £+ 0.03 0.48 + 0.01 HST/WFC3 D. A. PERLEY et al.,, 2013
K 24.18 + 0.43 0.77 £ 0.31 Keck-I/NIRC D. A. PERLEY et al.,, 2013
3.6 um 22.90 £+ 0.17 2.50 + 0.39 Spizer/IRAC1 D. A. PERLEY et al., 2013
4.5 pm 22.65 £ 0.16 3.16 &+ 0.47 Spitzer /IRAC2 D. A. PERLEY et al., 2013
345 GHz 313.00 £ 94.00 ALMA W.-H. WANG et al., 2012
5.23 GHz < 17.80 VLA D. A. PERLEY et R. A. PERLEY, 2013
080805 A% 25.59 + 0.20 0.21 £ 0.04 NTT/EFOSC KRUHLER et al., 2011
R 25.41 + 0.20 0.25 + 0.05 NTT/EFOSC KRUHLER et al., 2011
J 23.57 + 0.20 1.35 £ 0.25 VLT/HAWK-I KRUHLER et al., 2011
F160W  23.25 4+ 0.02 1.82 + 0.03 HST/WFC3 BLANCHARD et al., 2016
K 23.09 + 0.20 2.11 £ 0.39 VLT/HAWK-I KRUHLER et al., 2011
3.6 ym  22.69 £ 0.08 3.04 £ 0.22 Spitzer/IRAC1 D. A. PERLEY et al., 2016b
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Host Band Magnitude Flux (pJy) Instrument Reference
081109 uvm2 23.45 £ 0.30 1.51 £ 0.42 SWIFT/UVOT KRUHLER et al., 2011
uvwl 23.29 £ 0.30 1.75 £ 0.48 SWIFT/UVOT KRUHLER et al., 2011
U 23.15 £ 0.14 2.00 £+ 0.26 NTT/EFOSC KRUHLER et al., 2011
g’ 23.01 £ 0.07 2.28 + 0.15 GROND KRUHLER et al., 2011
\% 22.80 £ 0.06 2.76 £+ 0.15 VLT /FORS2 KRUHLER et al., 2011
r’ 22.70 £ 0.07 3.03 £ 0.20 GROND KRUHLER et al., 2011
i’ 21.98 £ 0.08 5.87 + 0.43 GROND KRUHLER et al., 2011
I 21.93 £ 0.09 6.13 + 0.51 VLT/FORS2 KRUHLER et al., 2011
7 21.97 £ 0.09 5.93 + 0.49 GROND KRUHLER et al., 2011
Y 21.61 £ 0.08 8.23 £ 0.61 VLT/HAWK-I KRUHLER et al., 2011
J 21.36 £ 0.06 10.41 + 0.58 VLT/HAWK-I KRUHLER et al., 2011
F160W 21.28 £ 0.03 11.16 £ 0.31 HST/WFC3IR D. A. PERLEY et al., 2013
K 21.04 £ 0.08 13.88 + 1.02 VLT/HAWK-I KRUHLER et al., 2011
3.6 um 20.71 £ 0.07 18.96 + 1.22 Spizer/IRAC1 D. A. PERLEY et al., 2013
4.5 pm 20.90 £ 0.09 15.84 + 1.31 Spitzer /IRAC2 D. A. PERLEY et al., 2013
081221 B 25.45 £ 0.11 0.24 + 0.02 Keck-1/LRIS D. A. PERLEY et al., 2013
g 25.00 £ 0.17 0.36 + 0.06 Keck-I/LRIS D. A. PERLEY et al., 2013
\% 25.12 £ 0.14 0.32 + 0.04 Keck-I/LRIS D. A. PERLEY et al., 2013
r’ 24.65 £+ 0.20 0.50 + 0.09 GROND D. A. PERLEY et al., 2013
I 24.40 £ 0.30 0.63 £ 0.17 Keck-I/LRIS D. A. PERLEY et al., 2013
Z 23.99 £ 0.15 0.92 £ 0.13 Keck-I/LRIS D. A. PERLEY et al., 2013
F105W 23.82 £ 0.07 1.08 £+ 0.07 HST/WFC3IR D. A. PERLEY et al., 2013
F160W 23.05 £ 0.04 2.19 + 0.08 HST/WFC3IR D. A. PERLEY et al., 2013
K 22.54 £ 0.13 3.50 + 0.42 Gemini-N/NIRI D. A. PERLEY et al., 2013
3.6 um 21.63 £ 0.10 8.05 + 0.74 Spizer/IRAC1 D. A. PERLEY et al., 2013
4.5 pm 21.48 £ 0.10 9.29 £+ 0.86 Spitzer /IRAC2 D. A. PERLEY et al., 2013
5.23 GHz < 17.20 VLA D. A. PERLEY et R. A. PERLEY, 2013
090407 B 27.17 £ 0.33 0.05 + 0.01 Keck-1/LRIS D. A. PERLEY et al., 2013
g 26.21 £ 0.29 0.12 + 0.03 Keck-1/LRIS D. A. PERLEY et al., 2013
R 25.82 £ 0.17 0.17 + 0.03 Keck-1/LRIS D. A. PERLEY et al., 2013
I 24.79 £ 0.23 0.44 + 0.09 Keck-1/LRIS D. A. PERLEY et al., 2013
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Host Band Magnitude Flux (pJy) Instrument Reference
zZ > 23.76 <114 VLT /FORS2 Malesani09
F160W 22.95 £ 0.02 2.39 £ 0.04 HST/WFC3 BLANCHARD et al., 2016
K 22.24 £ 0.12 4.63 £ 0.51 Gemini-N/NIRI D. A. PERLEY et al., 2013
3.6 pm  21.96 + 0.13 5.99 + 0.72 Spizer/IRAC1 D. A. PERLEY et al., 2013
4.5 pm 21.92 £ 0.15 6.17 + 0.85 Spitzer /IRAC2 D. A. PERLEY et al., 2013
5.23 GHz < 15.10 VLA D. A. PERLEY et R. A. PERLEY, 2013
090417B uvw2 24.29 £ 0.19 0.70 £ 0.12 SWIFT/UVOT HOLLAND et al., 2010
uvm2 24.05 £ 0.29 0.87 £ 0.23 SWIFT/UVOT HOLLAND et al., 2010
uvwl 24.54 £+ 0.56 0.56 £ 0.29 SWIFT/UVOT HOLLAND et al., 2010
U 24.04 £ 0.38 0.88 £ 0.31 SWIFT/UVOT HOLLAND et al., 2010
B 23.07 £ 0.13 2.15 £ 0.26 NOT/ALFOSC HOLLAND et al., 2010
g’ 22.96 £ 0.16 2.38 £0.35 SDSS http://www.sdss.org/dr13/
r’ 21.56 £ 0.09 8.60 £ 0.71 SDSS http://www.sdss.org/dr13/
R 21.49 £ 0.03 9.21 £ 0.25 NOT/ALFOSC HOLLAND et al., 2010
i 21.40 £ 0.11 9.97 £ 1.01 SDSS http://www.sdss.org/dr13/
z’ 20.74 £ 0.24 18.37 &+ 4.06 SDSS http://www.sdss.org/dr13/
J 20.89 £ 0.50 16.06 + 7.40 Subaru/MOIRCS AOKI et al., 2009
F160W 20.69 £ 0.01 19.20 + 0.18 HST/WFC3IR D. A. PERLEY et al., 2013
Ks 20.38 £ 0.50 25.60 £ 11.79 Subaru/MOIRCS AOKI et al., 2009
3.6 um 20.89 £ 0.07 16.00 + 1.00 Spizer/IRAC1 L. K. HUNT et al., 2014
4.5 pm 21.12 £ 0.08 13.00 + 1.00 Spitzer /IRAC2 L. K. HUNT et al., 2014
100 pum 1200.00 £ 600.00 Herschel/PACS L. K. HUNT et al., 2014
160 pm 3900.00 £ 1600.00 Herschel/PACS L. K. HUNT et al., 2014
250 pm < 16800.00 Herschel/SPIRE L. K. HUNT et al., 2014
350 um < 19800.00 Herschel/SPIRE L. K. HUNT et al., 2014
500 pm < 23400.00 Herschel/SPIRE L. K. HUNT et al., 2014
5.23 GHz < 16.10 VLA D. A. PERLEY et R. A. PERLEY, 2013
0909268 U 23.61 £0.13 1.30 £ 0.16 NTT/EFOSC KRUHLER et al., 2011
g’ 23.23 £ 0.07 1.85 £ 0.12 GROND KRUHLER et al., 2011
r’ 22.91 £ 0.06 249 £ 0.14 GROND KRUHLER et al., 2011
i’ 22.88 £ 0.12 2.55 £ 0.28 GROND KRUHLER et al., 2011
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Host Band Magnitude Flux (pJy) Instrument Reference

z’ 22.41 £ 0.10 3.94 4+ 0.36 GROND KRUHLER et al., 2011
J 21.86 £ 0.13 6.52 + 0.78 NTT/SOFI KRUHLER et al., 2011
H 21.89 £+ 0.30 6.37 &+ 1.76 NTT/SOFI KRUHLER et al., 2011
K 21.43 £ 0.19 9.70 £+ 1.70 NTT/SOFI KRUHLER et al., 2011

3.6 um 21.42 £ 0.02 9.85 4+ 0.18 Spitzer/IRAC1 D. A. PERLEY et al., 2016b
100621A uvw 22.07 £ 0.04 5.42 + 0.20 SWIFT/UVOT KRUHLER et al., 2011
uvm2 21.99 £ 0.06 5.82 + 0.32 SWIFT/UVOT KRUHLER et al., 2011
uvwl 22.03 £ 0.07 5.62 + 0.36 SWIFT/UVOT KRUHLER et al., 2011
U 21.82 £ 0.06 6.80 £+ 0.38 SWIFT/UVOT KRUHLER et al., 2011
U 21.82 £ 0.10 6.79 £+ 0.62 NTT/EFOSC KRUHLER et al., 2011
g’ 21.76 £ 0.06 7.20 £ 0.40 GROND KRUHLER et al., 2011
r’ 21.41 £ 0.06 9.89 £+ 0.55 GROND KRUHLER et al., 2011
i’ 21.10 £ 0.06 13.17 + 0.73 GROND KRUHLER et al., 2011
z’ 21.42 £ 0.06 9.79 £+ 0.54 GROND KRUHLER et al., 2011
Y 21.07 £ 0.06 13.55 £ 0.75 VLT/HAWK-I KRUHLER et al., 2011
J 21.41 £ 0.06 9.92 4+ 0.55 VLT/HAWK-I KRUHLER et al., 2011

F160W 21.32 £ 0.01 10.81 4+ 0.06 HST/WFC3 BLANCHARD et al., 2016
K 21.22 £ 0.11 11.80 + 1.20 VLT/HAWK-I KRUHLER et al., 2011
3.6 um 21.32 £ 0.08 10.77 + 0.79 Spitzer /IRAC1 VERGANI et al., 2015
4.5 um 21.36 £ 0.06 10.38 &+ 0.57 Spitzer /IRAC2 VERGANI et al., 2015
120119A B 25.00 £ 0.13 0.36 £ 0.04 Keck-I/LRIS MORGAN et al., 2014
g’ 24.93 £ 0.05 0.39 £ 0.02 Keck-I/LRIS MORGAN et al., 2014
R 24.64 £ 0.11 0.51 £+ 0.05 Keck-I/LRIS MORGAN et al., 2014
I 23.92 £ 0.13 0.98 + 0.12 Keck-I/LRIS MORGAN et al., 2014
z’ 23.87 £ 0.15 1.03 £0.14 Keck-I/LRIS MORGAN et al., 2014
F125W 23.06 £ 0.04 2.17 £ 0.08 HST/WFC3IR MORGAN et al., 2014
F160W 23.48 £ 0.02 1.47 + 0.03 HST/WFC3 BLANCHARD et al., 2016

K 22.76 £ 0.13 2.85 £ 0.34 Gemini-N/NIRI MORGAN et al., 2014

3.6 um 22.87 £ 0.07 2.58 £ 0.17 Spitzer/IRAC1 D. A. PERLEY et al., 2016b
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Table D.2— GRBH emission lines fluxes in 10717 erg.cm=2.s~!

GRBH He Hp Reference
050915A - 1.80 £ 0.45 KRUHLER et al., 2015
051022A  110.00 + 14.56 22.10 £+ 2.14 KRUHLER et al., 2015

060306 8.90 £ 3.68 KRUHLER et al., 2015

060319 - -

060814 28.00 £ 5.66 8.30 = 3.35  KRUHLER et al., 2015
060912A 15.80 £ 4.12 5.90 £ 0.71  KRUHLER et al., 2015

061121 40.00 £ 2.19 7.90 £ 1.65 VERGANI et al., 2017

070306 53.50 £+ 3.96 11.60 + 1.39 KRUHLER et al., 2015

070521 10.00 £ 5.83 KRUHLER et al., 2015

070802 5.10 £ 1.30 1.40 £ 0.36 KRUHLER et al., 2015

071021 8.90 £ 2.54 2.80 £ 0.58 KRUHLER et al., 2015

080207 10.90 + 2.91 1.30 £ 0.58  KRUHLER et al., 2015

080325 - -

080605 29.10 £ 4.52 7.70 £ 1.53  KRUHLER et al., 2015

080607 - -

080805 11.00 + 3.14 1.70 £ 0.78  KRUHLER et al., 2015

081109 20.90 £+ 2.85 5.50 £ 0.94 KRUHLER et al., 2015
081221 9.50 £ 5.63 2.40 + 2.14 KRUHLER et al., 2015
090407 4.40 £+ 0.72 0.70 £ 0.22  KRUHLER et al., 2015
090417B - -
090926B 14.20 £+ 3.46 2.70 &£ 1.03 KRUHLER et al., 2015
100621A  128.00 + 8.60 43.80 + 2.60 KRUHLER et al., 2015
120119A 19.20 £+ 3.86 4.90 + 1.49  KRUHLER et al., 2015
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D.2. Best-fitted SED for the
GRBHs
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Figure D.9— Best-fitted SED for GRBH 070802. Colour
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Best model for 080207 at z = 2.086. x? (Ngata) = 28.48 (20)

Stellar unattenuated

1024 Stellar unattenuated 31—
—— Dust emission 10% 4 pust emission 102 4
—— Radio nonthermal —— Radio nonthermal
101 4 = Model spectrum 102 { — Model spectrum
4 Observed fluxes 4 Observed fluxes v
101 4 ¥ Observed upper limits
= 10°4 = 100
B 2 1004
£ £
x x 1071 4
5 -1 1
z 107 &
10724
103
-4
F0-2 4 4071
Sl | = .
E + (Obs-Mod)/Obs K] 4T 4+ (Obs-Mod)/Obs
o o
@ 0 ‘--F'q. +tt S S '-{-_1_ ----------------- ;': ------ @ (U -{‘lzl*-i-"ﬁ*.p--*---‘l:l: -------------------------
s s ¥ —
B -1 T T T T T T ® -1 T T T T T T -
2 10° 10! 102 103 10* 10° 108 2 10° 10! 10? 10° 10* 10° 108
Observed wavelength [um]
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Best model for 080325 at z = 1.780. x? (Ngata) = 16.92 (15) Best model for 080805 at z = 1.505. x? (Ngata) = 0.69 (6)
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Figure D.12— Best-fitted SED for GRBH 080325. Colour  Figure D.15— Best-fitted SED for GRBH 080805. Colour
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10t

----- Stellar unattenuated
—— Dust emission

—— Model spectrum
100 # Observed fluxes

'Y Stellar unattenuated
10' § — Dpust emission

—— Model spectrum

4 Observed fluxes
5 _
. 10-2 4

= 20

£ 107! 4 £ 107

x x 4

=3 3 T
2 [ 10°

1077 4

5}
&

-

4 (Obs-Mod)/Obs

”-H-‘-I""t b

-

|
-

10° 10! 10? 10° 10* 10° 100
Observed wavelength [um]

|
-
Relative residual flux,.
o

Relative residual flux
o

10° 10! 10? 10° 104 10° 10°
Observed wavelength [um]

Figure D.13— Best-fitted SED for GRBH 080605. Colour  Figure D.16— Best-fitted SED for GRBH 081109. Colour
and symbols convention as in Figure D.1. and symbols convention as in Figure D.1.
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Best model for 090407 at z = 1.448. x? (Ngata) = 7.22 (10)

Best model for 100621A at z = 0.543. x? (Ngata) = 14.12 (15)
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Figure D.21— Best-fitted SED for GRBH 100621A.
Colour and symbols convention as in Figure D.1.
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D.3. Probability Distribution Function of powerlaw slope
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Figure D.23— Probability distribution function of the powerlaw slope for all GRBHs. The vertical red line corresponds
to the slope of the original Calzetti law. The median value and standard deviation for each GRBH are reported.
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