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Abstract

GRBs are among the most luminous explosions that we can observe in the Universe. They are
known to happen during the collapse of massive stars (long GRBs) or during the merger of two
neutron stars (short GRBs). This thesis aims to provide new insights into the dichotomy between
short and long GRBs through the study of their observational properties as well as the study of the
physical conditions of their environments.

GRBs are commonly divided into two types based on their observational properties and their
assumed progenitors. In both cases, the product of this cataclismic events is a newborn massive
neutron star or a black hole. An accretion disk is formed around the central engine and highly
collimated ultrarelativistic jets are launched orthogonally to the accretion disk. These jets have
two distinct observational phases. The first one, the so-called prompt emission is characterised by
an extremely luminous and highly variable gamma-ray emission that is believed to be produced
by internal shocks within the jets. The second electromagnetic emission is produced when the jet
interacts with the circumburst medium and is decelerated, emitting synchrotron light produced by
the accelerated particles within the collision. Traditionally, the distinction between short and long
GRBs has been done through the duration of their prompt emission with a dividing line of ∼ 2s
between long and short GRBs. However, some recent events challenge this division.

The distinction between short and long GRBs is not always clear, particularly in cases where
long GRBs exhibit features resembling those of short GRBs with extended emission. In some
of these events, kilonovae (KNe) have been detected, indicating a merger origin. Their different
progenitors might be indicative of different environments. While collapsars typically occur in
strongly star-forming, low metallicity regions of star-forming galaxies, mergers are detected in
many different galaxy types, from star-forming to more massive and passive galaxies. And some
of them are even located outside their host galaxies

In this thesis we study one example for each GRB type using different methods. GRB 160410A
a short GRB for which we carried out the first (and only to date) study on the chemical abundances
in its immediate environment, specifically, a short GRB with an extended emission during the
prompt phase. We analysed its afterglow and, in particular, studied its spectrum observed by the
X-shooter spectrograph on at the Very Large Telescope. This burst was located at redshift 1.7177,
one of the furthest ever detected short GRBs and one of the very few short GRB with a redshift
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determined from absorption lines in its afterglow spectrum. Our study revealed a very metal-poor
environment, an unexpected result for this GRB type. Binary NSs require long delay times to
merge as they lose gravitational energy through gravitational waves emission, which is a slow
process in its early phases. However, a scenario in which a binary system evolves rapidly is a
non-negligible possibility. In the case of GRB 160410A, the system would need a relatively rapid
evolution to merge, considering its high redshift. This short GRB revealed that these explosions
can also happen in an environment with low metal content. A more common short GRB was
GRB 201221D, also included in this work. Although a chemical study was not possible for this
burst, the spectrum revealed a low ionisation environment which could be indicative of the short
burst happening in a young galaxy with a relatively low amount of massive stars.

The second GRB presented in this thesis, GRB 210610B, was a long GRB for which we ob-
tained polarimetric, spectroscopic and photometric observations of its GRB afterglow, as well as
late photometric observations of the host galaxy. The analysis of this burst revealed a dust-free
long burst with a moderate polarisation degree at early stages associated with an ordered magnetic
fields linked to a reverse shock. The polarisation level vanished achromatically towards the end of
a plateau in its light curve evolution when the forward shock starts dominating the light curve and
finally the polarisation increases to low levels in the final decay of the light curve, which could be
indicative of small asymetries in the emitting region or due to turbulent magnetic fields.

Finally, we study the properties of collapsar-origin GRB host galaxies using the SHOALS
sample with data covering from the UV to the MIR bands. SHOALS is the largest GRB host
sample to date and based on several Spitzer large programs, complemented by data from GTC,
HST, VLT and other facilities. We study a subsample of 61 galaxies from the SHOALS sample
of 61 host galaxies with secure redshift masurements and with photometric detections in different
bands, allowing for good spectral coverage. We perform Spectral Energy Distribution (SED) fit
using the CIGALE code to obtain galaxy integrated properties such as stellar mass, star fomation
rate (SFR), extinction, metallicity and the age of the main stellar population.

The SED analysis reveals that long GRB hosts are galaxies with a high SFR and overall low
metallicities. The stellar mass distribution spans several orders of magnitude although it seems to
show some trend towards lower masses but not to the lowest-end of the stellar mass distribution
for field galaxies. The specific SFR is at the very upper range of the distribution for field galaxies
which points to a high ongoing SFR at any host galaxy mass. Ongoing star formation episode is
high comparatively to the total stellar mass. This is in agreement with the young age for the main
stellar population and with the low metallicity we find.

Our results suggest that long GRBs occurring from the collapse of massive stars preferentially
happen in galaxies with high SFR and low metallicity with overall relatively low stellar masses.
This is consistent with previous studies (Krühler et al. 2015; Perley et al. 2016b; Palmerio et al.
2019) and this results also support the idea of collapsar GRBs happening in different environment
than the one of merger GRBs.



Resumen

Las explosiones de rayos gamma (GRBs por sus siglas en inglés) se encuentran entre las explo-
siones más luminosas que podemos observar en el Universo. Se sabe que ocurren durante el
colapso de estrellas masivas (GRBs largos) o durante la fusión de estrellas de neutrones (GRBs
cortos). Esta tesis tiene como objetivo proporcionar nuevos conocimientos sobre la dicotomı́a en-
tre los GRBs cortos y largos mediante el estudio de sus propiedades observacionales, ası́ como las
condiciones fı́sicas de los entornos en los que ocurren.

Los GRBs suelen dividirse en dos tipos, según sus propiedades observacionales y sus supuestos
progenitores. Pueden originarse en el colapso de una estrella masiva al final de su vida o en la
fusión de dos objetos compactos. En ambos casos, el producto de estos eventos catastróficos es
una estrella de neutrones masiva recién nacida o un agujero negro. Alrededor del motor central
se forma un disco de acreción y se lanzan chorros ultrarrelativistas altamente colimados de forma
ortogonal al disco. Estos chorros tienen dos fases observacionales distintas. La primera, conocida
como emisión inicial (o prompt emission), se caracteriza por una emisión de rayos gamma ex-
tremadamente luminosa y altamente variable que se cree es producida por choques internos dentro
de los chorros. La segunda emisión electromagnética ocurre cuando el chorro interactúa con el
medio circundante (el circumburst medium) y se desacelera, emitiendo luz sincrotrón generada por
las partı́culas aceleradas en la colisión. Tradicionalmente, la distinción entre GRBs cortos y largos
se ha hecho según la duración de su emisión inicial, con una lı́nea divisoria de aproximadamente
2 segundos entre ambos tipos. Sin embargo, algunos eventos recientes desafı́an esta división.

La distinción entre GRBs cortos y largos no siempre es clara, particularmente en casos donde
los GRBs largos exhiben caracterı́sticas similares a los GRBs cortos con emisión extendida. En
algunos de estos eventos, se han detectado kilonovas (KNe), lo que apunta a un origen por fusión.
Sus diferentes progenitores sugieren entornos distintos: mientras que los collapsars suelen ocurrir
en regiones de formación estelar intensa y baja metalicidad en galaxias con formación estelar,
las fusiones se detectan en muchos tipos de galaxias, desde galaxias con formación estelar hasta
galaxias más masivas y pasivas. Algunas incluso están ubicadas fuera de sus galaxias anfitrionas.

En esta tesis estudiamos un ejemplo de cada tipo de GRB utilizando diferentes métodos. El
GRB 160410A, un GRB corto, fue objeto del primer (y único hasta la fecha) estudio sobre las
abundancias quı́micas en el entorno de un GRB corto, especı́ficamente uno con emisión extendida
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durante su fase inicial. Analizamos su postluminosidad (afterglow) y, en particular, el espectro de
su postluminosidad observado por el espectrógrafo X-shooter en el Very Large Telescope (VLT).
Este evento se detectó a un corrimiento al rojo de 1.7177, uno de los GRBs cortos más lejanos
jamás detectados y uno de los pocos con un corrimiento al rojo determinado a partir de lı́neas de
absorción en su espectro de postluminosidad. Nuestro estudio reveló un entorno con muy baja
metalicidad, un resultado inesperado para este tipo de GRB. Los GRBs cortos requieren largos
tiempos de retraso para fusionarse, ya que pierden energı́a gravitacional mediante la emisión de
ondas gravitacionales, un proceso lento en sus fases iniciales. Sin embargo, un escenario en el que
un sistema binario evoluciona rápidamente es una posibilidad no despreciable. En el caso de GRB
160410A, el sistema necesitarı́a una evolución relativamente rápida para fusionarse, considerando
su alto corrimiento al rojo. Este GRB corto reveló que estas explosiones también pueden ocurrir en
entornos con bajo contenido metálico. Otro GRB corto incluido en este trabajo fue GRB 201221D.
Aunque no fue posible realizar un estudio quı́mico para este evento, su espectro reveló un entorno
de baja ionización, lo que podrı́a ser indicativo de que el estallido ocurrió en una galaxia joven.

El segundo GRB presentado en esta tesis, GRB 210610B, fue un GRB largo para el cual ob-
tuvimos observaciones polarimétricas, espectroscópicas y fotométricas de su postluminosidad, ası́
como observaciones fotométricas tardı́as de su galaxia anfitriona. El análisis de este evento reveló
un GRB largo sin polvo y con un grado moderado de polarización en sus etapas tempranas, asoci-
ado con campos magnéticos ordenados vinculados a un choque inverso (reverse shock). El nivel
de polarización desapareció de manera acromatica hacia el final de una meseta en la evolución de
su curva de luz, cuando el choque directo (forward shock) comenzó a dominar la emisión. Final-
mente, la polarización aumentó a niveles bajos en la fase de decaimiento final, lo que podrı́a ser
indicativo de pequeñas asimetrı́as en la región emisora o debido a campos magnéticos turbulentos.

Finalmente, estudiamos las propiedades de las galaxias anfitrionas de GRBs de origen collap-
sar utilizando la muestra SHOALS, que incluye datos que abarcan desde bandas UV hasta MIR.
SHOALS es la mayor muestra de galaxias anfitrionas de GRBs recopilada hasta la fecha y se basa
en varios programas de gran escala de Spitzer, complementados con datos del GTC, HST, VLT
y otras instalaciones. Estudiamos una submuestra de 61 galaxias de SHOALS con corrimientos
al rojo bien determinados y detecciones fotométricas en diferentes bandas, lo que permite una
buena cobertura espectral. Realizamos ajustes de Distribución de Energı́a Espectral (SED, por sus
siglas en inglés) utilizando el código CIGALE para obtener propiedades integradas de las galaxias,
como la masa estelar, la tasa de formación estelar (SFR, por sus siglas en inglés), la extinción, la
metalicidad y la edad de la población estelar principal.

El análisis SED revela que las galaxias anfitrionas de GRBs largos tienen una alta SFR y, en
general, bajas metalicidades. La distribución de masas estelares abarca varios órdenes de magni-
tud, aunque parece mostrar una tendencia hacia masas más bajas, pero no hacia el extremo inferior
de la distribución de masas estelares de galaxias de campo. La SFR especı́fica (sSFR, por sus si-
glas en inglés) se encuentra en el rango superior de la distribución para galaxias de campo, lo que
apunta a una alta tasa de formación estelar continua en cualquier masa de galaxia anfitriona. Este
episodio de formación estelar en curso es alto en comparación con la masa estelar total, lo que
concuerda con la edad joven de la población estelar y con la baja metalicidad que encontramos.



Nuestros resultados sugieren que los GRBs largos, originados en el colapso de estrellas masi-
vas, ocurren preferentemente en galaxias con alta SFR, alta sSFR y baja metalicidad, con masas
estelares relativamente bajas en general. Esto es consistente con estudios previos (Krühler et al.
2015; Perley et al. 2016b; Palmerio et al. 2019) y también respalda la idea de que los GRBs por
collapsar ocurren en entornos diferentes a los de los GRBs de fusión.





Chapter 1

Introduction

Contents
1.1 An introduction to Gamma-ray bursts history . . . . . . . . . . . . . . . . 2

1.1.1 The discovery of GRBs . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.2 The first GRB dedicated missions . . . . . . . . . . . . . . . . . . . . 3

1.1.3 Unveiling the cosmological origin of GRBs . . . . . . . . . . . . . . . 4

1.1.4 The first link between long GRBs and Broad-lined Type Ic Supernova . 5

1.1.5 The GRB revolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.1.6 GRBs in the coming years . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 The most poweful explosions in the Universe. The standard model . . . . . 9

1.2.1 The prompt emission . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.2 Afterglow emission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.3 Gamma-ray Bursts polarisation . . . . . . . . . . . . . . . . . . . . . 13

1.3 The dichotomy of short and long GRBs. The progenitor problem . . . . . . 16

1.3.1 Long GRBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.3.2 Short GRBs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.3.3 The classification problem . . . . . . . . . . . . . . . . . . . . . . . . 18

1.4 The host galaxy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.4.1 Long GRB hosts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.4.2 Short GRB hosts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1



Introduction

1.1 An introduction to Gamma-ray bursts history

Traditionally, astronomical objects have been considered stable, with evolutionary timescales far
exceding a human lifetime or even human existence. The Universe was conceptualized unchang-
ing over very long periods of time but new observing techniques revealed that this is not the case.
In the last decades, the advances in astronomical instrumentations and telescope robotisation have
given rise to the era of time-domain astrophysics. A wide range of unique and different transients
are being discovered at an incredible speed. This novel area of astronomy experienced an extraor-
dinary boost after the first Gamma-ray Burst, typically referred to as GRB, was discovered back
in the late 1960s.

1.1.1 The discovery of GRBs

In the 1960s, the race for the development of nuclear weapons and the increasing number of them
became an unacceptable threat to mankind. In an effort to slow down their production and avoid a
fatal nuclear war, the United States, the Soviet Union and the United Kingdom signed the Partial
Nuclear Test Ban Treaty in 1963. The aim was to forbid nuclear weapon testing, including tests
on land, sea and the Space. To control the compliance of the treaty, the United States of America
developed the so-called Vela program. The Vela program launched several satellites equiped with
high-energies (HE) detectors with the aim of detecting the γ-ray emission produced by the blast
wave of nuclear explosions.

It was in 1969 when Ray Klebesadel and Roy Olson, looking through the data collected by
Vela 4, discovered a double peaked signal lasting for a few seconds. This detection was observed
simultaneously by Vela 4A and Vela 4B on the 2nd of July, 1967. The signal duration and its
energy was rather different from a nuclear bomb (Klebesadel et al. 1973). The signal they found
was dubbed GRB 670702, the first ever detected Gamma-ray Burst, named after the year, month
and day of its detection (see Fig. 1.1).

Following this first GRB, several other were detected by the Vela 5 and Vela 6 satellites, pos-
sibly around 16 bursts, with durations lasting from 0.1 to 30 seconds (Klebesadel et al. 1973).
The improved instruments on-board this second generation of Vela satellites allowed for a higher
accuracy on the detection time. This also made it possible to triangulate the burst detections on
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Figure 1.1: Light curve of GRB 670702, the first Gamma-ray Burst detected under the Vela pro-
gram. (Strong & Klebesadel 1976)

the sky and, therefore, to rule out the Sun as a possible origin. However, it was still not possible
to know whether the source were of Galactic or extragalactic origin.

1.1.2 The first GRB dedicated missions

The first effort to determine whether GRBs were located in the Milky Way or whether they were
extragalactic was the Interplanetary Network (IPN). it was based on the use of γ-ray detectors in-
stalled on several space missions that detect GRBs and allow for precise triangulation (see Hurley
et al. 2006 and references therein for a further description on the IPN). However, the large times
needed to obtain the data and analyse them, the large error boxes and the lack of big telescopes
in the 1970s when the IPN was created, made it impossible to detect GRB counterparts at optical
wavelengths.

The origin of GRBs would remain unknown until the 1990s, when the Comptom Gamma-
Ray Observatory (CGRO) with its on-board instrument Burst And Transient Source Experiment
(BATSE) was launched. BATSE was built with eight detectors located on the corners of the satel-
lite, which allowed to observe all the sky that was not obstructed by the Earth. It detected more
than 2700 GRBs during its decade-long lifetime and its rough localisation capabilities permitted to
determine accurately GRB location on the sky, thus demonstrating that their distribution covered
the entire sky with no preference for the Galactic plane, which pointed towards to an extragalactic
origin. (see Fig. 1.2 and Briggs et al. 1996). The BATSE mission presented a further and very im-
portant result. Kouveliotou et al. (1993) found that GRBs followed a bi-modal distribution based
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in the time span within which GRBs emit 90% of the high-energy photons during the prompt
emission, the T90. They found there was a division at the value of 2 seconds with GRBs below
this value presenting a harder spectra compared to longer GRBs.

+90

-90

-180+180

2704 BATSE Gamma-Ray Bursts

10-7 10-6 10-5 10-4

Fluence, 50-300 keV (ergs cm-2)

Figure 1.2: Left: Sky distribution of GRBs detected with BATSE. Credit: Michael S. Briggs.
Right: GRB bi-modal distribution based on their T90 (Kouveliotou et al. 1993)

1.1.3 Unveiling the cosmological origin of GRBs

With the discovery of the isotropic distribution on sky of GRBs, a Galactic origin was very much
disfavoured. However, it would not be definitively proven until the first secure distance measure-
ment. In the 1990s, the NASA with the participation of Japan and France and Italy (with Dutch
participation) developed two separate projects for a new high-energy satellite that would be capa-
ble of detecting and localising GRBs down to a few arcmin. The US mission, the High Energy
Transient Explorer (HETE) could localise GRBs within several arcsec. It was launched in 1996,
but the mission failed since HETE was uncapable to decouple from another payload it was at-
tached to. A new copy of this satellite was launched in 2000, HETE-2, but it was already too late.
The Italian mission BeppoSAX, launched in 1996, discovered GRB 970228 with a counterpart in
X-rays (Costa et al. 1997). This was the first time an afterglow was detected in X-rays, and the
first counterpart ever for a GRB. The rapid distribution of the GRB localisation allowed optical
follow-up the same night the GRB was detected. Observations in V- and I-bands were obtained
with the 4.2 m William Herschel Telescope (WHT) at La Palma, detecting a faint source in both
bands (see Fig. 1.3). Further observations were obtained with the Nordic Optical Telescope (NOT)
but no source was detected down to deep limits, since source was already too faint. A week later
deep observations with the Isaac Newton Telescope (INT) discovered an even fainter and extended
source at the same position, the GRB host galaxy (van Paradijs et al. 1997).

The first time a GRB had a measured redshift was on 11th of May, 1997 through afterglow
spectroscopy of GRB 970508 using the Low Resolution Imagin Spectrograph (LRIS) at the Keck
telescope. This was the first time a GRB afterglow spectrum showed absorption lines, in this case,
due to Mg II and Fe II all of them at a common redshift of 0.835 (Metzger et al. 1997). This
discovery definitively ruled out the galactic origin hypothesis.
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Figure 1.3: First detection of the optical counterpart of a GRB and first spectrum with absorption
lines of a GRB afterglow. Left: WHT image with GRB 970228 afterglow detected in V-band.
Center: Image obtained a week later with the INT in V-band where the afterglow had faded away.
Image from van Paradijs et al. (1997). Right: Absorption lines in the afterglow spectrum of
GRB 970508 (Metzger et al. 1997).

1.1.4 The first link between long GRBs and Broad-lined Type Ic Supernova

After settling the distance issue, the origin of these explosions became the main research topic.
Several progenitors were proposed to explain the formation of long and short GRBs. The rapid
variability was indicating a very small source, probably of stellar size. But it was very difficult
to place the amount of energy needed into such a small volume. Ultrarelativistic effects and col-
limation were needed in order to produce such luminous sources. (see Sect. 1.3.1). This model
suggested that, in addition to the GRB, a Broad-Lined Type Ic Supernova was expected. Again
BeppoSAX, together with the BATSE mission, detected GRB 980425, a GRB in the spiral arm
of a nearby galaxy. The fact that the area was very large allowed for some discussion about the
link between SN 1998bw and GRB 980425 for which observations were obtained in different
photometric bands (see Fig. 1.4). The peculiar low energy for this GRBs (∼ 1047erg) as com-
pared to ’normal’ GRBs (∼ 1053erg), made unclear if other GRBs show the same features or if
GRB 980425 was a peculiar burst (Galama et al. 1998).

The conclusive link between long GRBs and SN-Ic BL had to wait until 2003. The HETE-2
mission brought, among others, the discovery of GRB030329. This cosmological GRB showed
an energy release comparable with regular long GRBs and it had a redshift of 0.1685. It was the
first GRB for which the spectroscopic evolution from a GRB afterglow to a Type Ic Broad-Line
Supernova (see Fig. 1.4) was securely traced after afterglow component subtraction and it is still
one of the best observed GRBs to date (Hjorth et al. 2003; Stanek et al. 2003).
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Figure 1.4: First detections of SN-Ic BL associated to long GRBs. Left: Light-curve of SN1998bw
in different optical bands corrected for the undelying host galaxy and without afterglow contami-
nation Galama et al. (1998). Right: Spectroscopic evolution of GRB 030329 (Hjorth et al. 2003).

1.1.5 The GRB revolution

The number of GRBs with an optical counterpart detected by the earlier 2000’s was still small,
especially those with early photometry. For this, GRB localisation on sky and prompt delivery
of GRB alerts was critical. In 2004, the Swift satellite was launched (Gehrels et al. 2004). This
satellite was designed to perform multiwavelength observations of GRBs and their afterglow upon
discovery. Swift has three on-board instruments: The Burst Alert Telescope (BAT) with a sen-
sitivity between 15 and 150 keV and a field of view (FoV) of 1.4 steradians (sr). This satellite
scans the sky to search for GRBs and can locate them down to 4 arcmins. The X-ray Telescope
(XRT) improves the bursts location down to few arcseconds. Finally, the Ultraviolet/Optical tele-
scope (UVOT) with an aperture of 30 cm performs photometry in 6 filters, from 1700 Å to 6000
Å (see Fig. 1.5 for a sketch of the satellite). A very important characteristic of this satellite is the
possibility to automatically slew to a newly detected burst within seconds, after BAT detection,
and perform detailed observations with the XRT and UVOT instruments simultaneously. Swift has
detected up to 100 bursts per year and gives accurate and fast localisations to allow follow-up from
ground-based facilities. Its lower energy threshold allowed the detection of lower energy bursts
and, therefore, to extend the distance to which GRBs have been detected.

The low-energy sensitivity of Swift prevented it from studying in detail the actual gamma-ray
component of the GRBs, and limited its capability to detect short-hard GRBs. The Fermi mission
was launched in 2008 to cover this HE energy range (see Fig. 1.5). Two on-board instruments
performs gamma-ray observations of GRBs in both, discovery and follow-up mode. The Large
Area Telescope (LAT) instrument covers from 20 MeV to 300 GeV with a FoV of 2.4 sr and
delivers GRB alerts with an accuracy down to several arcminutes (Atwood et al. 2009). To study
lower energies, Fermi is equipped with the Gamma-ray Burst Monitor (GBM) covering from 8 keV
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to 40 MeV and gives burst localisations depending on the burst energetics and the number of
detectors registering the event, with errors smaller than ∼15 degrees (Meegan et al. 2009).

Figure 1.5: On the left, sketch of the Swift mission (Gehrels et al. 2004) and the Fermi mission on
the right (Chris 2023).

These two missions have been and still are key to GRB research providing more than 2000
GRB detections that have revolutionised the GRB field and transient astronomy in general. The
serendipitous discovery of GRBs showing very different properties has broadened the field resolv-
ing some questions and uncovering new ones. In 2009 the Swift mission detected GRB 090423,
the farthest GRB observed to date with a measured spectroscopic redhift of 8.2 (Tanvir et al. 2009)
and, few days later, GRB 090429B with a photometric redshift of 9.4, although this result was
only published two years later (Cucchiara et al. 2011). Another special event was the detection of
GRB 130603B, the first short GRB whose distance was determined through absorption line spec-
troscopy and the first for which a kilonova (KN) emission (see Sect. 1.3.2) was detected (Tanvir
et al. 2013; de Ugarte Postigo et al. 2014b). A new milestone on GRB astronomy happened the
17th of August, 2017 when the LIGO and Virgo Gravitational Waves (GW) detectors detected
a signal associated to the merger of a binary system of two neutron stars, GW 170817 (Abbott
et al. 2017a,b). This detection, delivered promptly to the transient comunity, allowed for a rapid
follow-up with multiwavelength facilities. The Fermi satellite detected an electromagnetic coun-
terpart just a few seconds after the GW alert, GRB 170817A located in the outskirts of the galaxy
NGC 4993. It was the first and up to now the only time a GW signal had a simulteneous elecro-
magnetic counterpart linking definitively short GRBs with the merger of binary system of neutron
stars (Goldstein et al. 2017; Savchenko et al. 2017; Tanvir et al. 2017; Levan et al. 2017).

Many other GRBs have brought a wealth of new insight into GRB physics, the GRB jet,
the GRB afterglow, the environment in which these explosions happens. Discoveries such as
GRB 190114C with the detection of photons up to the TeVs showed that inverse Compton emission
might produce even higher energy photons than emitted by the GRB itself,, at least for some GRBs
(MAGIC Collaboration et al. 2019). The Brightnest GRB of All Time (The BOAT), GRB 221009,
outshone any other gamma-ray emitting source on sky and, actually, saturated the detectors of
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GRB missions. With an energy release of ∼1055 erg and photons detected at 18 TeV (Burns et al.
2023; Sahu et al. 2023), GRB 221009 was the brightest GRB ever detected and has become in
one of the most studies GRBs. The origin of the detected VHE photons for GRB 221009A is a
matter of debate (see e.g. Sahu et al. 2023, 2024). No evident SN had been initially reported for
this nearby (located at z = 0.151 (de Ugarte Postigo et al. 2022a; Malesani et al. 2023)) long
GRB, suggesting it was hiden within the bright afterglow (Levan et al. 2023a). However, different
and/or later observations reports does support the presence of a SN (de Ugarte Postigo et al. 2022b;
Blanchard et al. 2024) and de Ugarte Postigo et al. in preparation.

1.1.6 GRBs in the coming years

Although the Swift and Fermi missions are still succesfully ongoing and providing new GRB
detections, new efforts have to be made. Two new missions have been recently launched and are
currently providing GRB alerts. The GRB-dedicated Sino-French mission SVOM (see Fig. 1.6)
has four instruments on-board the satellite covering from 5 MeV down to optical wavelengths and
provides subarcsec localisations on sky for those bursts detected with its optical telescope (Atteia
et al. 2022; Wei et al. 2016). The Einstein Prove (EP) mission is surveying the sky focusing
on the 0.5 keV to 4 keV bandpass. One of the main scientific goals is to increase the number
of high-redshift GRBs and for this, it is equiped with a Wide-field X-ray Telescope (WXT) that
covers 1.1 sr and the Follow-up X-ray Telescope (FXT) that slews to the transient events detected
by the WXT (Yuan et al. 2015, 2022). This mission has already provided some surprises like
the detection of EP 240315a, a long duration soft X-ray transient consistent with it being a GRB
(Levan et al. 2024b). GRB science will enter in a golden decade with facilities in space detecting
new HE transients while some other efforts will scan the sky from ground with an unprecedent
cadence searching for transient in the visible spectral range.

Figure 1.6: On the left, draw of the SVOM satellite and the four different on-board instruments,
modified from (Atteia et al. 2022). On the right, the EP mission (Yuan et al. 2022).
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1.2 The most poweful explosions in the Universe. The standard
model

Gamma-ray bursts are the most energetic stellar explosions detected in the Universe. They are
isotropically distributed in the sky and can last from milliseconds to hundreds of seconds and, for
some cases, beyond a thousand seconds. They are typically divided into short and long GRBs
based on the duration of the prompt emission phase. Short GRBs are associated with the merger
of a binary system of two neutron stars, while long GRBs originate from the collapse of a massive
star.

In both progenitor scenarios, a massive central compact object is formed with a fast evolving
accretion disk. A highly collimated relativistic jet is launched in two oposite directions. This jet
passes through the rest of the infalling material and once this jet reaches the edge of this material
and is capable to escape, it leaves the collapsing system in opposite directions. When the optical
depth within the jet is thin enough, γ-ray photons are able to escape and reach Earth if the jet cone
is pointing towards us. As the jet moves away from the explosion site, different shells of material
at different velocities are emitted, while generally slowing down as they move forward. Shells
emitted later but at a higher velocity catch up with the slower ones, creating a shock front. In these
internal shocks high energy photons are emitted generating the prompt emission. When the GRB
jet reaches the circumburst medium (CSM), the shocks create the so-called afterglow emission.

These explosions have been discovered over a wide redshift. They are so bright that, for a
brief moment, they outshine any other γ-ray source on sky. Their afterglow emission can last from
hours to days and can be brighter than the host galaxy itself. For a schematic view of a GRB, see
Fig. 1.7.

Figure 1.7: Schematic view of a GRB from the central engine to the afterglow emission. Credit:
NASA Goddard Space Flight Center.

9



Introduction

1.2.1 The prompt emission

The prompt emission is the first electromagnetic observable emission from a GRB. It delivers
photons over a range from keV to GeV. The high energy emission is highly collimated and is well
described by a power-law distribution. There are two main models to explain its emission mecha-
nism: shocks in the outflow or Poynting-flux dissipation. In the Poynting-flux model, the GRB jet
is magnetically dominated and the γ-ray emission is produced by magnetic dissipation. The energy
released by the central engine creates strong magnetic fields. Magnetic energy dissipates as a con-
sequence of magnetic reconnection of magnetic lines that breaks due to instabilities within the jet.
During this process particles can be accelerated and produce the observed γ-ray emission. These
instabilities are a consequence of early internal shocks that distort the ordered magnetic field (see
e.g. Zhang & Yan 2011). These coherent large-scale magnetic fields produce synchrotron emission
with a high degree of polarisation in the prompt emission, although measuring this polarization
has remained an unsuccessful endeavor (Gill et al. 2020).

In the shocks model, energy dissipation happens through interaction between shells expand-
ing at different velocities within the GRB jet. Large blobs of material, composed of baryions, e±

and γ are launched by the central engine at different velocities. When a faster shell of plasma
reaches a slower one, they collides losing kinetic energy and emitting through non–termal pro-
cesses. In these collisions, a pair of shocks is produced, the forward shock (FS) propagating
outwards and the reverse shock (RS) moving backwards. HE photons are accelerated mainly
through synchrotron emission from electron acceleration at these internal shock regions, produc-
ing the γ–ray that causes the prompt emission. This model can naturally explain the different
features we detect in GRB prompt emission light curves such as the spectral energy distribution,
their frequency evolution or the pulse shapes (see e.g. Rahaman et al. (2024) and references there
in).

The GRB prompt emission spectrum is typically described by a broken power law, the so-
called Band function (see Eq. 1.1, (Band et al. 1993)), with the break energy indicating the transi-
tion between low-energy and high-energy emission.

N(E) =

A
(

E
100 keV

)α
exp

(
− E

E0

)
, E ≤ (α − β)E0

A
[ (α−β)E0

100 keV

]α−β
exp(β − α)

(
E

100 keV

)β
, E > (α − β)E0

(1.1)

where N(E) is the photon flux, A is the normalization factor, E is the photon energy, α and β
are the low-energy and high-energy photon index, respectivelly and E0 is the break energy in keV.
Light curves can show different shapes and there are three main features: A single pulse light curve
with a fast rise followed by an exponential decay (FRED), a multipeaked structure or a similar
multipeaked structure followed by a softer exponential decay (see 1.8 for an example of each of
the mentioned cases). In some GRBs, the prompt emission light curve can hide a substructure due
to variability within the jet. This emission has two typical energies: the peak energy (Epeak) when
the GRB reaches the maximum energy and the total energy released during the prompt emission
assuming radially symmetric emission, the isotropic energy Eiso. Epeak typically ranges from 100
keV up to 1 MeV while Eiso have been found to vary from 1047 erg computed for GRB 170817
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(Abbott et al. 2017a) up to 1055 erg emitted by the most powerful GRB ever detected (see e.g.
Kann & Agui Fernandez 2022; Burns et al. 2023). This extremely high energy emission is highly
collimated in a relativistic jet with an opening angle, θ0 ∝ 1/Γ, where Γ is the Lorentz factor
defined as Γ = 1/

√
1 − v2/c2, that produces a beaming effect which reduces Eiso to the real energy

released, as Eγ = Eiso · fb, with the beaming factor fb = 1 − cos θ0.

Figure 1.8: Prompt emission light curve examples. From left to right: GRB 051111 prompt emis-
sion light curve showing a FRED-like behaviour (Guidorzi et al. 2007). GRB 060210 with a
multi-peak structure (Curran et al. 2007) and GRB 211211A with a multi-peaked structure right at
the beginning of the burst followed by a soft exponential decay (Rastinejad et al. 2022).

1.2.2 Afterglow emission

As the prompt emission moves forward, the GRB jet decelerates and collides with the circumburst
medium. This collision with the CSM or with clumps of material launched by the GRB progenitor
in a previous mass-loss phase forms an external shock that produces a long-lasting emission due
primarly to synchrotron radiation. This is the so-called GRB afterglow. This emission follows a
power-law distribution

dN
dE
∝ E−p (1.2)

where dN/dE is the number of particles per energy unit, E is the energy of particles and p the
electron index, expected to vary as 2 < p < 3. This shocked material is heated up and accelerates
electrons through synchrotron mechanism with a Lorentz factor Γe ≥ Γm, where, Γm is the Lorentz
factor of the minimum energy for electrons in the distribution, also known as the minimum Lorentz
factor:

Γm = εe
( p − 2

p − 1

)mp

me
Γ (1.3)

where εe is the energy fraction for the accelerated electrons and p is the spectral index and
with expected values in the range 2 < p < 3 (Sari et al. 1998).

The spectrum and light curve of a GRB afterglow is typically defined by three related frequen-
cies, at which the emission properties undergo distinct changes. These define different segments in
the afterglow spectrum, as can be seen in Fig. 1.9, νm is the frequency at which the GRB afterglow
have it maximum emission. νc is the cooling frequency, i.e., the frequency above which electrons
have had enough time to lose energy through radiative processes, while electrons below do not
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cool significantly through radiative losses. The self-absorption frequency, νa, is the value below
which the medium becomes optically thick to the synchrotron radiation emited.

Figure 1.9: GRB afterglow synchrotron spectrum evolution in the fast (left) and slow (right) cool-
ing regime. Modified from Sari et al. (1998).

The power-law distribution that describes the spectrum can be divided into two main cases:

1 The fast cooling regime is the one we usually find at early stages of the cooling of the shocked
material. Here νm > νc and electrons are affected by strong magnetic fields and radiate their
energy more efficiently. The flux distribution for the fast cooling is as follows (taken from Sari
et al. (1998)).

Fν = Fν,max ·


(ν/νc)1/3, ν < νc

(ν/νc)−1/2), νc < ν < νm

(νm/νc)−1/2 · (ν/νm)−p/2, ν > νm

(1.4)

2 The slow cooling regime is what we expect at later stages of the afterglow evolution. In this
case, νm < νc and electrons are not energetic enough to radiate energy fast enough and therefore,
the flux decays. For the slow cooling regime, the flux distribution, is as follows (taken from Sari
et al. (1998)):

Fν = Fν,max ·


(ν/νm)1/3, ν < νm

(ν/νc)−1/2), νm < ν < νc

(νc/νm)−1/2 · (ν/νc)−p/2, ν > νc

(1.5)

The blast wave, with an isotropical equivalent energy Eiso, propagates in a spherical shock
evolving adiabatically with a Lorentz factor Γ into the CSM. Although the relativistic flow is
highly collimated, the spherical approximation for the blast wave is still valid as long as we are
in the jet cone direction and the edges of the cone are not visible. This is the case when the jet
half opening angle is Γ > 1/θ0 and we observe all the flux concentrated in the GRB axis. As the
jet interacts with the surrounding medium, its Lorentz factor decreases. At a certain point, the
sideways expansion becomes important, and the entire jet cone becomes visible to the observer.
This is known as the jet-break and it happens when Γ decreases to a value close to 1/θ0. At
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this stage, the beaming effect is too small and the jet starts to spread sideaway moving to a non-
relativistic jet. The total flux is distributed over a wider region, which makes the effective observed
flux lower and therefore, an important decrease of the afterglow flux is observed. This happens at
an specific time in the dynamic evolution of the afterglow, the tbreak (Nakar 2007):

tbreak ≈ 2(1 + z) ·
(

Ek,iso,50

n−2

)1/3 (
θ0

0.2

)8/3
days (1.6)

where n2 is the ISM or IGM particle density in units of 10−2 cm−3 and Ek,iso,50 is the isotropic
kinetic energy of the ejecta normalised to 1050 ergs. At this stage, the observed flux will no longer
follow eqs. 1.4 and 1.5 but instead the following relation (Nakar 2007):

Fν ∝



ν2t0, ν < νa

ν1/3t−1/3, νa < ν < νm

ν−(p−1)/2t−p, νm < ν < νc

ν
−p/2
c t−p, ν > νc

(1.7)

This break can be observed with an achromatic change in the slope of the afterglow light curve
followed by a significant drop in the flux (see e.g. Lamb et al. 2021).

1.2.3 Gamma-ray Bursts polarisation

Polarimetry observations are useful to constrain the physical processes happening during a GRB,
from the jet emission mechanisms to the afterglow physics (Covino & Gotz 2016). During the
prompt emission, polarisation can arise from different models which imply different predicted
levels of polarisation. Usually, polarisation occurs in magnetic fields mainly generated by syn-
chrotron emission althogh other mechanisms such as inverse Comptom scattering or thermal emis-
sion can induce some degree of polarisation (see e.g. Gill et al. 2021).

Observations of prompt emission polarisation can hold essential information about the jet
geometry, its structure and the radiation mechanisms. If the synchrotron emission comes from
shock-accelerated electrons within the jet and with an ordered magnetic field perpendicular to the
jet axis, we expect locally high levels of polarisation, reaching up to 60%. The generated fields are
locally ordered and the polarisation presents a high variability (see e.g. Granot & Königl 2003). In
this model, the jet kinetic energy is converted to radiation at shocks, the jet is matter-dominated.

In a Poynting-flux dominated outflow, the synchrotron emission is generated by large-scale
fields powered by the central engine, and the polarisation levels can reach up to ∼50% (Lyutikov
& Blandford 2003). In this model, the jet is magnetically dominated by large-scale and ordered
magnetic fields and favours jet formation models such as the Blandford-Znajek models in which
the energy that powers the jet is extracted from the newborn compact object spin (Blandford &
Znajek 1977). The observed polarisation will present low variability during the prompt emission.

However, polarisation of the prompt emission is still very challenging and only very few mea-
surements have been obtained so far by several missions. These polarisation degree (PD) measure-
ments have been shown to be instrument-dependent and do not fully account for the systematic
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errors. The POLAR mission reports overall low or no polarisation for the prompt emission while
AstroSat CZTI finds predominantly high PD values. The GAP mission finds a wide range of val-
ues, from low to high PD while COSI excludes high PDs. The different results suggest that efforts
should focus on the development of new dedicated missions and improving and standardizing the
analysis methods ((see e.g. Gill et al. 2021) for an overview). The observations of GRB 221009A
by the Imaging X-ray Polarimeter Explorer (IXPE) were only able to measure upper limits for the
prompt emission mainly due to the high extinction on the line of sight towards the GRB (Negro
et al. 2023)

Afterglow optical polarisation has been succesfully detected since the firsts GRB afterglow
were observed in visible bands (Covino et al. 1999; Wijers et al. 1999) with low polarisation
levels from around 1 to 5% and with some detections up to ∼10% (see e.g Bersier et al. 2003;
Uehara et al. 2012). More importantly, polarisation of the afterglow emission has been observed
during the entire lightcurve evolution. Detections at early times on GRB 190114C with evolution
from higher to lower PDs are often associated to a reverse shock (RS) moving backwards in the
jet. The polarisation was likely associated to entangled magnetic fields in the shock rather than to
large-scale fields dominating the jet (Laskar et al. 2019). It is still unclear if these large-scale fields
associated to the jet get distorted by the time the RS magnetic field (

−→
B) becomes dominant or if

the observed PD arises from a combination of the RS and the Forward Shock (Jordana-Mitjans
et al. 2020).

The origin of the magnetic fields in the afterglow emission is still unclear. For the FS, since it
is generated after the shock of the GRB jet against the CSM, a magnetic field would be expected
to be formed in this shock and left behind the shockwave as it moves forward. The origin of this
field is a consequence of an induced

−→
B field due to a two-streams outflow that contains charged

particles at different velocities in the GRB plasma outflow and provokes instabilities such as the
Weibel instability (Weibel 1959; Medvedev & Loeb 1999). Some other models points out that the
afterglow

−→
B field can have its origin in large-scale fields such as compression of the ISM

−→
B field

at the blast wave site (Laing 1980; Teboul & Shaviv 2021) or due to magnetic reconnection in a
Pointing-flux dominated jet (Zhang & Yan 2011).

Different models have been proposed to explain the observed polarisation of GRB afterglow
in optical bands, the polarisation level and changes in the position angle of the

−→
B field. In a

scenario in which the magnetic field is generated in the blast wave, Gruzinov & Waxman (1999)
finds that a polarisation of ∼10% would be expected and would vanish as PD ∼ 103/2%, as long
as the proper time after the shock of the blast wave τ is smaller than the coherence length l ∼ εcτ.
This model assumes instabilities at the GRB afterglow like the Weibel instability (Weibel 1959),
and consider that, as the blast wave shocks the circumstellar environment, different patches with
randomly oriented magnetic field are created. Some of these patches will share the same direction
with coherent magnetic fields generating a larger-scale

−→
B field. This will be detected as a linearly

polarised afterglow that remains polarised as long as l is comparable to the thickness of the blast
wave. This model implies that a compressed ISM

−→
B field cannot generate the observed PDs as

it is much less intense than what is detected for GRB afterglows. Although the magnetic field
of the ISM is not strong enough that its compression cannot explain the observed PD, it could
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become stronger assuming a magnetized wind from the progenitor star (Granot & Königl 2003).
The observed PD depends on the ratio between the ordered magentic field from the environment
and the random component from the afterglow

−→
B generated at the blast wave.

In the two-streams model (Medvedev & Loeb 1999), instabilities create magnetic fields par-
allel to the shock front that fluctuate proportionally to the scale of the plasma shells. As the jet
radiation is beamed towards the observer, the observable afterglow region is much smaller than
the jet opening angle. Therefore, this emission region is detected as a fainter emission than the
external parts since they are larger and less beamed. In appearence, these are observed as a narrow
limb-brightened ring effect which brightness drops sharply with Γ towards the edge of the ring
(Granot et al. 1999). Small-scale magnetic fields are created in this ring but they cancel out as
the ring remains symmetric. In this case, polarisation happens as this symmetry breaks due to
scintillations or due to gravitational lensing effects (Loeb & Perna 1998).

A different approach to explain polarisation of the GRB afterglow are geometrical models. In a
similar way to the two-streams model (Medvedev & Loeb 1999). Ghisellini & Lazzati (1999) pro-
posed a model in which the observer is slightly off-axis to the jet-axis direction. When observing
the magnetic field generated at the front shock, some level of linear polarisation would be gener-
ated. The magnetic field is assumed to be highly tangled in an on-axis view (while not so tangled
when observed off-axis), due to the interaction between the emitting region and the relativistic
aberration. In this model, the polarisation degree varies as the Lorentz factor changes, which leads
to some clearly observable features in the polarimetric evolution. At an early stage, when Γ is still
very high, we observe a beamed, small and symmetric region with low to zero polarisation. As
Γ decreases, the border of the emiting region starts to be observable and the symetry is broken.
We observe that the PD changes as the jet border becomes more visible. The PD changes as the
ratio between polarisation in the horizontal and the vertical plane changes, implying that there are
two PD maxima with a change in the polarisation position angle of 90 degrees. Finally, when Γ is
low to recover the light of the entire emitting region, it will be symmetric again and we then again
detect zero polarisation.

The models described above assumes a homogeneous jet for which the emitted light along
the jet axis and next to the jet external parts is the same. This might not be the case if the jet is
structured jet. This implies that the emitted light along the jet axis would be highest while de-
creasing exponentially towards the borders and the jet brightness follows a Gaussian distribution.
Polarisation in homogeneous jets depends on the symmetry of the region observed and emerges
when we see the border. In structured jets, the required asymmetry is instrinsic to the jet as long
as we observe it off-axis. The PD is weak during the first stages of the afterglow evolution and
does not show a change in the magnetic field orientation i.e., there is no 90 degrees rotation of the
position angle and, for gaussian jets, the polarisation maxima will be reached once the entire jet
cone becomes visible at the jet break (Rossi et al. 2004).
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1.3 The dichotomy of short and long GRBs. The progenitor
problem

Two main different GRB types have been established since Kouveliotou et al. (1993) found a bi-
modal distribution based on the GRB prompt emission T90 duration and their spectral hardness.
GRBs with a T90 < 2 s and a hard X-ray spectrum are called short GRBs. Those with a duration
above 2 seconds and with a softer spectrum were designated as long GRBs. This division drove
the idea that two formation channels might exist. Long GRBs are commonly accepted to have
their origin in the collapse of massive stars (see e.g. Cano et al. 2017) while short GRBs have been
conclusively linked to the merger of a binary system of neutron stars (Abbott et al. 2017a,b).

1.3.1 Long GRBs

In the collapsar model (Woosley 1993; MacFadyen & Woosley 1999), a main sequence star with
a mass above ∼25 M� that has exhausted its fuel and cannot continue holding the gravitational
pressure, collapses. A neutron star is created at its iron core but the material from the rest of the
star infalls freely and the neutron star grows in mass to collapse as a black hole. Later, also the
outer layers of the dying star continue falling onto the newly formed compact object. The infalling
material retains its angular momentum which will not allow it to fall into the black hole freely but
instead, creating a disk of material around it.

The accretion disk lies in the equatorial plane and at a distance from the black hole at which it
is fed efficiently while gravitational energy is radiated efficiently through a highly beamed outflow.
As the material continues falling onto the accretion disk and angular momentum is conservated,
a low density region is formed in the polar direction, along the rotational axis while an important
amount of energy is deposited in this region. As energy continues increasing, a highly collimated
and powerfull outflow is emitted at the poles, moving away from the central engine. The jet moves
through the rest of the dying star that, if it is thin enough, will let the jet out from the surface.
The GRB is then created inside the jet as described in Sect. 1.2.1. This expected to happen in
some massive star collapse for which some level of angular momentum is required to funnel the
material into the accretion disk. If these centrifugal forces are too high, they can dominate over the
gravitational force and therefore, the material is not efficient enough spiraling onto the accretion
disk, which prevents the collapsar from a GRB (MacFadyen & Woosley 1999). The metallicity of
the progenitor could imply different properties such as luminosity, which could result from mass
loss due to stellar winds during the pre-explosion progenitor phase. These mass losses could, in
turn, cause variations in the progenitor’s angular momentum. (Woosley & Heger 2006). It seems
that stars with lower metallicities indeed require a higher initial mass to create a GRB than at
higher metallicities (see e.g. MacFadyen & Woosley 1999; Yoon et al. 2006; Langer & Norman
2006).

Once the relativistic outflow is created and moves through the infalling material, there is an
extra pressure from the jet towards the rest of the star as it moves through it, although not enough
to produce the SN explosion (MacFadyen & Woosley 1999). The material continues to fall onto
the central compact object, but as the material is compressed the degeneration pressure forming
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a proto-NS and stop the collapse provoking a shock at the surface. However, this pressure is not
enough to stop the collapse. In this proto-NS, neutrons are formed as protons capture electrons
emitting electronic neutrinos. This neutrino flow re-energizes the shock and the star explodes
(Woosley & Janka 2005).

As already mentioned in Sect. 1.1.4, the first detection of a SN associated to a long GRB was
SN 1998bw although its prompt emission brightness was not within the common values for long
GRB (Galama et al. 1998). The first undoubitable detection of a long GRB with a SN compo-
nent was GRB 030329 (Hjorth et al. 2003; Stanek et al. 2003), demonstrating that long GRBs can
be explained through the collapsar model. The SN explosion is typically detected days after the
GRB, although it depends on the GRB redshift (the larger the redshift is, the later the SN compo-
nent is detected). As the afterglow fades, the SN component starts to dominate the emission and
becomes visible. It is detected as a chromatic bump in the light-curve and is further confirmed as
its spectrum shows undulations that will move to redder wavelengths as the explosion cools down
over time (see Fig. 1.4 in Sect. 1.1.4 for an example). The SN shows high velocity lines and lack
hydrogen and hellium lines. These are common characteristics to stripped-envelope SN explosion
and SN Ic Broad-Lined. For the GRB to be able to break the outter layers of the collapsing star,
it has to have lost its external shells e.g., due to strong winds or the presence of a companion star,
which further supports the collapsar model. This is a common characteristic of Wolf-Rayet stars,
a progenitor candidate for long GRBs (MacFadyen & Woosley 1999).

1.3.2 Short GRBs

Short GRBs are associated to the merger of two compact objects. Several binary systems have
been proposed as potential progenitor of short GRBs although only the merger of two neutron
stars (NS) has so far been proven to produce short GRBs (Abbott et al. 2017a,b). In a NS-NS
binary system, the only way to loose energy through the emission of gravitational waves. This
process can take up to billions of years (Chruslinska et al. 2018). If the binary system suffers a
kick during its formation, it can leave the environment where they were formed and actually be
located outside the host galaxy (see e.g. Lee & Ramirez-Ruiz 2007; Bloom et al. 1999; Belczynski
et al. 2002).

For short GRBs, the collimated jet is launched by the accretion disk around the central engine
form a massive neutron star or a black hole with an accretion disk that feeds the compact object
and the collimated outflow is launched producing the GRB. Contrarily to long GRBs, the accretion
disk is less massive and it will not be fed by additional material from the disrupted system. This
explain the shorter scales for this GRB type. For short GRBs lasting several seconds instead of
fractions of seconds, a rapidly and highly magnetised neutron star can explain its larger prompt
emission (see e.g. Lee & Ramirez-Ruiz 2007).

Short GRBs have an additional emission, a so-called “kilonova”. Short GRBs cannot produce
a supernova as they do not have enough material to explode as such. They form a neutron-righ ac-
cretion disk with high densities where r-process elements are produced. The radioactive elements
emit α and β particles from the accretion disk, which start heating the surrounding environment
(see Fig. 1.10 for a sketch of the event). This late emission can be detected as an emission excess
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Figure 1.10: Short GRB and kilonova emission sketch from Metzger (2020). A Black Hole with
an accretion disk feeding it creates a highly collimated outflow with an opening angle θ j that will
lead to a GRB. The r-process elements created in the accretion disk radiate in a quasi-spherical
way heating the surrounding environment in the so-called kilonova emission, detectable from days
to weeks and typically peaking at redder wavelengths.

in the near-infrarred (NIR) for a so-called “red kilonova” when the ejecta is lanthanide-rich as they
have a high opacity at shorter wavelengths. If the outflow have a lower lanthanide-abundance, a
so-called “blue kilonova” will be detected as the emission will peak at shorter wavelengths (see
e.g. Metzger 2020).

Given the nature of the progenitor of short GRBs, they are strong candidates to emit gravita-
tional waves (GWs). This massive compact systems emits detectable GWs as they spiral down and
merge to form a massive NS or a BH. GWs were detected for the first time for GW/GRB 170817,
where the GW detection triggered observations with Fermi and other high-energy satellites detect-
ing electromagnetic counterpart for a GW detection (Abbott et al. 2017a,b). A KN emission was
also detected for this GRB demonstrating that at least part of the detected short GRBs have their
origin in NS-NS mergers (Tanvir et al. 2017; Goldstein et al. 2017; Savchenko et al. 2017). A KN
component had already been detected in GRB 130603B (Tanvir et al. 2013) which was also the
first short GRB for which absorption lines were detected, allowing to determine its distance was
the first time absorption lines were detected in a short GRB afterglow, allowing for determining
its distance (de Ugarte Postigo et al. (2014b), see Fig. 1.11).

1.3.3 The classification problem

To distinguish between long and short GRBs is not always straightforward. GRB 060614 was
classified as a long GRB based on its duration. However, the absence of an associated supernova
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Figure 1.11: GRB 130603B light curve (left) from Tanvir et al. (2013) showing NIR excess at
∼106 s after GRB and GRB 130603B afterglow spectrum (right) with Mg and Ca absorption lines
at a common redshift of z = 0.3565 from de Ugarte Postigo et al. (2014b).

and its location in a region with low star formation raised doubts about its collapsar origin, as it
had properties more similar to short GRBs. Despite deep observations, no SN component was
found neither for GRB 060614 nor for GRB 060505 and indeed, their prompt emission properties
ressembled those of other short GRBs with a T90 >100 seconds for GRB 060614 (Gehrels et al.
2006; Della Valle et al. 2006; Fynbo et al. 2006) and T90 >4 seconds for GRB 060505 (Ofek et al.
2007). Short GRBs can have an extended emission after the prompt emission spike, a soft X-ray
tail decaying smoothly right after the first hard emission. The detection of the KN emission on
GRB 211211A, a GRB that lasted for a minute on its prompt emission phase (Rastinejad et al.
2022), finally confirmed the merger origin for at least some of these presumably long GRBs.

The classification of a GRB as short or long has to rely on a broader parameter space than
only the duration of the prompt emission. Short GRBs typically show a sharp hard spike during
their prompt emission or a multi-peaked structure while long GRBs shows a smoother behaviour.
Short GRBs are hard X-ray bursts, i.e., they emit more at higher X-ray energies compared to long
GRBs, which are softer. In addition, short GRBs do not present a spectral lag, something that
clearly differentiate them from long GRBs. Beyond the prompt emission properties, there are
also important differences on the later evolution of both GRB types. The main diffference is the
presence of a SN for long GRBs, which is absent for short GRBs. Another very important feature
is the KN component in short GRBs, although some r-process element synthesis could also be
expected to happen in long GRBs, however, the amount of material produced would still be low
compared to NS-NS and this component would be fainter and harder to detect compared to short
GRBs. Although it is still possible to classify a GRB as long or short when it show clear properties
on its prompt emission, a more comprehensive study is needed for the more intrincate cases.
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1.4 The host galaxy

The different progenitor for long and short GRBs might indicate that they needs different envi-
ronments which then implies different host galaxies. It has been suggested that, as collapsar long
GRBs occur in the collapse of massive stars, they should happen in star forming regions there-
fore, long GRBs would happen more frequently in star forming galaxies. They are detected at any
redshift, making from them good tracers of star formation accross cosmic time.

For short GRBs, given the nature of the progenitor, we should expect a more evolved host
galaxy. A NS-NS system would need a delay time to merge of the order of the Gyr. This means
that we would expect they to happen in evolved galaxies. Surprisingly, less than 20% of sGRB
hosts are early type galaxies and indeed, in some cases short GRBs can happen in star forming
galaxies or even in dwarf galaxies (see e.g. Nugent et al. 2022, 2024).

1.4.1 Long GRB hosts

The most accepted progenitor for long GRB explosions are massive stars at their ends of their lifes
(see 1.3.1). However, not all massive stars may produce a GRB at their collapse, the occurance of
a GRB might be metallicity dependent. Studying the host galaxy might contribute to resolved this
issue. Since the progenitor of a long GRB is expected to have a short evolution time we expect
these explosions to happen at the site of ongoing star-formation and in highly SF regions with low
metallicity and low mass where these massive stars are generated and host the GRB.

These expectations have been confirmed observationally in the first studies on the host galaxy
of long GRB hosts. In 2006, Fruchter et al. (2006) found that the host galaxies of long GRBs
are irregular, low luminosity galaxies that are actively forming stars. This supports the idea that
not all massive stars that explode as BL-SN Ic produce a long GRB and therefore, GRBs might
require a lower metallicity to be produced. This concept was further supported by Modjaz et al.
(2008) who found that, in a limited sample, the metallicity of long GRB hosts is lower than for the
corresponding one of BL-SN Ic explosions without detected GRB.

The first study of a large sample of GRB hosts analysed 46 targets over a wide redshift range
and further confirmed that long GRB host galaxies are low-mass and star-forming galaxies with
sub-solar metallicity (Savaglio et al. 2009). High-resolution observations have shown that long
bursts are commonly found in blue galaxies with high specific SFR and at the brightest spots of
their host galaxy (Svensson et al. 2010). This suggest that these explosions happens on violent
star-forming events in low-metallicity regions.

Integrated properties of long GRB host galaxies with the optically unbiased Gamma-ray burst
host (TOUGH) survey, demonstrated that long GRBs can also happen in galaxies with higher
masses and metallicities with a diverse morphology and that long GRB hosts do not have a high
extinction as compared to field star-forming galaxies (Hjorth et al. 2012; Michałowski et al. 2012).
At higher redshift the host galaxies of long burst seems to be dustier, inferred from spectral energy
distribution fits to a small sample of long GRB hosts (see Fig. 1.12, Perley et al. 2013).
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Figure 1.12: Left: Extinction in V-band evolution with redshift. In gray the values for field galax-
ies, dark-red for dusty GRBs while the oposite is in blue (Perley et al. 2013). Right: Star Forma-
tion Rate of dusty and normal GRBs accross cosmic time (Krühler et al. 2015)

SFR increases with redshift while only a weak correlation for the extinction increasing with
redshift has been found (Krühler et al. 2015). This is consistent with the results for the SFR founds
by Palmerio et al. 2019 that suggest that host galaxies stellar masses evolve with redshift while
metallicity does not. They also argue that long GRBs have a preference for host galaxies with
sub-solar metallicities while in Krühler et al. 2015 several host have metallicity values higher than
solar metallicity. The Swift GRB host-galaxy legacy survey (SHOALS) further confirmed in an
unbiased sample of 119 long GRB hosts that these galaxies are typically low-mass, low-metallicity
and star-forming galaxies but that they happen in more massive galaxies at higher redshifts (see
Chapter 5).

Long GRB hosts are morphologically heterogeneous and mostly found in star-forming, low-
mass and low-metallicity hosts at low redshift however, about 20% of hosts at z < 0.5 occur in
spiral galaxies (Thöne et al. 2024). Only very few, however, occur in massive galaxies, possibly
because of their different environmental conditions. One of those exceptions was the host of
GRB 171205A. The resolved study on the host galaxy of this GRB has shown that the explosion
site was a low-metallicity and star-forming region with an underlying dominating young stellar
population. This demonstrates that the GRB production depends on the physical conditions of the
GRB explosion site which implies that massive galaxies with high specific SFR regions can still
produce long GRBs (Thöne et al. 2024; de Ugarte Postigo et al. 2024).

Only a few GRB host have been observed using high spatial resolution. Christensen et al. 2008
found that GRB 980425 host galaxy shows similar properties to high redshift host galaxies with
high specific star formation rate and low metallicity at the H II regions. This is consistent with
the results for the GRB site in GRB 060505 host galaxy (Thöne et al. 2014) and with the analysis
of GRB 100316D host, with the GRB located in the youngest, metal-poor and within the highest
star forming region region in the host (Izzo et al. 2017). The SN-less GRB 111005A was found to
happen in a star-forming galaxy while the GRB happened in a metal-rich region with an old stellar
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population (Tanga et al. 2018). See Fig. 1.13 for a size comparison of these long GRB hosts.

Figure 1.13: Size comparison of the different long GRB hosts with resolved spectroscopic studies.
Taken from (Thöne et al. 2024).

1.4.2 Short GRB hosts

Since short GRBs originate from NS-NS mergers, their typical host galaxies were expected to
be early type galaxies, an evolved and massive galaxy with low SFR. Although the progenitor
stars of the two NS that form the binary system originate in SF regions, due to the large delay
time, the SF region around them would have long disappeared. Moreover, the SN explosion can
lead to a strong enough impulse to kick them out from the star-forming region and even from the
host galaxy (see e.g. Berger 2010; Belczynski et al. 2002, 2006). In this later case, the NS-NS
merger takes place in the intergalactic medium. The large distances of short GRBs from their
host galaxies make secure host identification particularly challenging. Typically, the association
between a GRB and its host galaxy is determined by statistically computing the probability of a
chance alignment with field galaxies (Bloom et al. 2002). However, identifying the host is not
always straightforward. The most reliable method to pinpoint the GRB host remains absorption-
line spectroscopy of its afterglow, which not only provides the distance to the GRB and, therefore,
its location but also makes short GRBs excellent probes of both the ISM and the IGM across
cosmic time in an unbiased way.

The most secure host association is therefore an identical redshift from absorption line spec-
troscopy of the host and emission or absorption line spectroscopy of the host. Only for the short
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GRBs 130603B and 201221D there exist spectra that shows absorption lines in their afterglow
spectrum and an underlying galaxy. (see e.g. de Ugarte Postigo et al. 2014b; Agüı́ Fernández et al.
2023) For a third GRB, GRB 160410A absorption lines where detected in the afterglow but no
host was detected at the GRB position and no field galaxy could be associated as the host galaxy
(see Chapter 3).

More recent studies on integrated properties of short GRBs with a clear associated host galaxy
indicates that they can be both early to late type galaxies and even low-luminosity galaxies (Fong
et al. 2022). Short GRBs seems to happen frequently in sub-solar metallicity and star-forming
galaxies with a SFR more consistent with values of field star-forming galaxies. However, at lower
redshifts (. 0.25), over 10% of short GRB hosts are evolved galaxies that seems to be transitioning
to quiescent galaxies (Nugent et al. 2022). Recent results from (O’Connor et al. 2022) point to
a redshift evolution of short GRB-host offsets, in the sense that at lower redshifts, the offsets
from the host are higher, and decrease with redshift. (see Fig. 1.14). However, the results of
(Fong et al. 2022) suggest lower offsets overall and no redshift evolution. In general, short GRB
host seems to be more consistent with field galaxies, 84% of them are star-forming galaxies with
relatively low metallicity (Nugent et al. 2022) but with lower star formation rates when comparing
to long GRBs. Despite what was previously thought, short GRB host galaxy characteristics are
very heterogeneous including many types from evolved and quiescent to small and active galaxies.
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Figure 1.14: Finding chart for short GRBs with a detected optical counterpart. Marked as the
galaxies candidates to be the GRB host galaxy. Taken from (O’Connor et al. 2022).
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Methodology

Introduction

Gamma-ray bursts (GRBs) are an excellent tool to trace the Universe properties across cosmic
time. From the prompt emission, through the fading afterglow and to the host galaxy, the different
phases of the observational follow up of GRBs offer us different kinds of information. From the
prompt and afterglow emission, we can infer properties of the explosion progenitor and jet struc-
ture and also determine the density and structure of the circumburst medium (see e.g. Campana
et al. 2010; Kann et al. 2010; Tanvir et al. 2019). The medium the GRB travels through on its way
to Earth leaves a footprint on the observed afterglow. By measuring the shape of the afterglow
spectrum, we can determine the amount and type of dust in the host galaxy along the line of sight.
This is done by directly applying Spectral Energy Distribution (SED) techniques to the GRB af-
terglow light curve (see e.g. Kann et al. 2010; Zafar et al. 2011). The spectrum typically follows
a power law and evolves with time. The intervening material allows us to determine the distance
to the absorber system through absorption line spectroscopy. If fine-structure lines are detected,
their evolution lets us determine the distance from the absorbing material to the explosion site.
Beyond the distance determination, it is also possible to obtain chemical composition through the
explosion line of sight. If Lyman alpha is covered by the spectrum (typically for bursts above
redshift of ∼2) we can determine the column density of hydrogen and by comparison of this value
to the column densities of other elements calculate the metallicity of the host galaxy (Thöne et al.
2013; Bolmer et al. 2019; Heintz et al. 2023). A more precise measurement of dust traced by the
GRB using spectroscopy allows us to study dust at many different redshifts and in many different
galaxy types. But these are not the only methods. A interesting tool is polarimetry studies of
the prompt and afterglow emission. These are important for understanding the central engine that
powers GRBs, the way jets are formed and the afterglow and prompt emission geometry.

Many different techniques can be used, and there is a wealth of information we can derive
from the explosive transient and the medium it goes through when observations are focused on
the transient itself. Moreover, once the transient has faded completely, we can investigate the host
galaxy properties using spectroscopic methods and/or resolved studies when possible. At higher
redshifts, this becomes a more difficult task to pursue, as angular sizes of host galaxies are small
and spectral coverage prevents us from observing them at great distances. But the main problem
is the host galaxies faintness, this is where photometric techniques become an important tool.
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Photometric observations can reveal morphological and physical properties. Modeling the SED of
a GRB host enables us to infer key integrated properties of the galaxy such as the stellar mass or
the star formation rate (SFR) and find out how both properties evolve with distance and whether
they play a role in GRB production.

2.1 Insights from the prompt emission

The prompt emission is the first electromagnetic emission observable from a GRB. This emission
is believed to come from shocks of different velocity shockwaves within the GRB jet (see Sect.
1.2.1). Imprints from the central engine in this emission that help us understand the nature of this
motor as well as of the GRB jet.

Classically, GRBs have been divided into two classes: long soft and short hard GRBs. This
has been long based on two main observable characteristics: The duration of this prompt phase
i.e., the amount of time in which they emit between 5 % and 95 % of the total high-energy (HE)
emission, the so-called T90 and the hardness ratio, defined as the ratio between the fluence in the
50-100 keV and the 25-50 keV bands (see Fig. 2.1). Long GRBs are observed to be softer bursts
with a T90 > 2 s while the opposite is the case for short GRBs (Kouveliotou et al. 1993). However
this clear association has been under debate since some observationally unmatching GRBs were
detected, conducting the classification problem to be still under debate (see Sect. 1.3.3). The
prompt emission seems to follow a linear relation between the rest-frame peak energy (Epeak) and
the isotropic energy (Eiso, see Sect. 1.2.1 for an explanation of Epeak and Eiso), this is known as the
Amati relation (Amati et al. 2002; Amati 2006) and implies that despite the heterogeneity among
GRB prompt emission light curves, they should share similar physical conditions that produce a
GRB. This relation also shares an offset between long and short burst (see Fig. 2.1).

However, these properties suffer from biases such as the detector sensitivity. This leads to
different GRB missions detecting a different fraction of short and long GRBs, or a different redshift
distribution based in different properties has been suggested (see Sec. 3.4 in Chapter 3 for further
explanation on this).

2.1.1 The distance problem

Investigating the gas properties through cosmic time has always been a difficult task and mostly
restricted to high-redshift quasars (QSO). This field has benefited from the discovery of GRB
afterglows that act as background light sources which can be orders of magnitude brighter than
QSO, albeit only for a short time. The spectra of these powerful sources follow a smooth power-
law that decays with the spectrum flux density decreasing with time following a power-law trend.
As the light travels to Earth, material within the line of sight absorbs light, leaving an imprint
that carries a wealth of information. GRB spectroscopy is a powerful tool to investigate metal
composition of the host galaxy where they happens as well as from different intervening clouds
at different distances from the explosion site. GRBs can be detected over a very wide range of
redshift, hence they are a perfect tool to investigate the metal enrichment at different distances and
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Figure 2.1: Main Prompt emission characteristics. Left: Hardness ratio - T90 distribution with two
well differenciated hubs (Lien et al. 2016). Right: Amati relation for short (blue) and long GRBs
(red) (Minaev & Pozanenko 2020, 2021).

in unbiased sightlines. GRBs might exist up to z ≈ 20 (Kann et al. 2024) which implies that we
could study the early Universe with them at distances difficult to reach by other means.

GRB afterglow spectra usually shows absorption fetures (see e.g. de Ugarte Postigo et al.
2018). These are associated to the presence of atomic and in rare occasions also molecular gas in
the line of sight towards the GRB. The most commonly observed features are due to the presence
of elements such as Fe, Mg, C or Si (Christensen et al. 2011). By measuring the wavelength at
which these transitions are observed, and comparing them with their known rest wavelengths, we
can determine the redshift at which they are produced. By assuming a model of cosmological
expansion we can transform this redshift into a distance. However, this is not necessarily the dis-
tance to the GRB but to the intervening clouds, so strictly speaking this is a lower limit of the
distance to the GRB. One would need to show that this clouds are within the host galaxy of the
GRB to associate this distance to the event. The GRB itself emits synchrotron light across the
entire electromagnetic spectrum characterised by several power-laws and characteristic frequen-
cies. Within a single spectrum this emission is normally a simple power-law, without features and
GRBs are so powerful that they can excite and even ionise atoms up to very large distances. This
happens in the immediate environment of the burst, within the circumburst medium (CBM), or
at larger distances such as the interstellar medium (ISM) or the intergalactic medium (IGM). It is
common to detect absorption lines at different redshifts relative to the explosion site. Absorption
lines from intervening systems allow us to determine the cosmological distance to the GRB site,
giving us a lower limit on how far away the GRB is. Absorption lines from excited states, such as
fine-structure lines caused by UV pumping from massive stars, allow us to model the surrounding
material and help determine the distance from the absorbing system to the GRB.

To infer whether the afterglow is tracing the CBM, the ISM or the IGM there are different clues
one can examine in their spectrum, spectral coverage permitting (see Fig. 2.2 for a sketch). By
chance alignement, they may even be able to trace material across different galaxies. The different
absorption lines detected in afterglow spectroscopy have different ionisation potentials (see e.g. de
Ugarte Postigo et al. 2012) which means they might be generated in different environments. For
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example, NV has a high ionisation potential and this implies a hot nearby source that emits in the
UV ionising N to the higher states. These sources could be massive stars although ionisation can
also occur in strongly shocked gas. This scenario is likely to happen in the CBM of a long GRB
progenitor as they are formed in highly star-forming regions where massive blue stars could ionise
the Nitrogen. However, we also find NV in isolated cold material in the CGM where densities
are so low that the stripped electrons cannot be recovered. An indicator for ISM in afterglow
spectroscopy are the high ionisation species such as SiIV or CIV. These transitions have a high
ionisation potential but significantly lower compared to NV so they can be located farther away
from the CBM. They are believed to be formed in a similar way to NV, due to UV emission from
massive stars implying a nearby star-forming region but also by background powerful sources
such as Active Galactic Nuclei (AGNs), shocked gas or gas outflows from AGNs or supernova
explosions. Therefore, these transitions are found in the ISM or in the external parts of the host
galaxy, in the surrounding gas, but they could also be in the CGM in a similar way to NV. A
relevant feature that can be detected through afterglow spectroscopy is the cold neutral hydrogen
HI. It is commonly expected in the IGM and is associated to cold and metal poor clouds in the
external parts of galaxies acting as a galactic gas reservoir.

The most accurate method to determine the distance from the absorber to the GRB explosion
site and, therefore, the precise distance to the GRB, is through the detection of fine-structure lines.
These lines come from the spin-orbit coupling i.e., when the spin of atom’s electrons interact with
its total angular momentum allowing the presence of splitted energy levels for the same ground-
state to different levels with slightly higher energies. This can happen through different processes
although for GRBs it has been demonstrated that they arise from UV pumping, a phenomenon
through which atoms absorb UV photons and jump to higher energy states (Vreeswijk et al. 2007).
These fine structure lines are detected in afterglow spectroscopy at slightly different wavelengths
from the one of the corresponding ground-state atom. The evolution of the column densities of
these features, studied together with the light curve evolution of the afterglow, allow to derive
properties of the absorber as well as the distance to the explosion site.

Furthemore, when fine-structure lines are not detected (and redshift allowing), one can still put
stringent constraints to the GRB distance. Even when spectroscopy is not possible or it is shown
as featureless, the non detection of the afterglow photometrically towards bluer wavelengths can
put limits to their distances as the IGM absorbs all the photons below 912 Å, known as the Lyman
limit, which will shift to redder wavelengths as the GRB light is redshifted. This is known as the
drop-out technique that, if combined with spectroscopy with identified wavelengths, can lead to
accurate measures of the distance to the GRB.

Typically the afterglow emission of a GRB is so bright that it outshines the underlying host
galaxy. Emission lines from the host would have a very low S/N in the spectrum as the GRB
continuum emission would be several orders above them and therefore, are hard to detect. As
the afterglow fades, emission lines from the host galaxy become more prominent, so that one can
determine accurately the distance to the GRB if the redshift is low enough and/or the spectral
coverage is large to cover these emission lines.
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Figure 2.2: Schematic view of the different environments and rough distances to the GRB site.
Not to scale

2.1.2 Determining column densities. Voigt profile

The absorption lines that the intervening material imprints in a GRB afterglow spectrum depend
on the amount of material the light goes through. Each element X will absorb light at a specific
wavelegth in a way that relates to the amount of atoms in the medium through the curve of growth.

This method allows to determine the column densities of specific ions through eq. 2.1 for
multiple transitions of the same ion in the same ionization state.

N =
EW
λ
·

1.1 × 1020cm−2

fλ[Å]
(2.1)

where EW is the equivalent width and N is the column density. When different transitions are
not detected, the ”multi-ion-single-component curve of growth” (MISC-CoG) is applied, using
different ions with a shared broadening, b, which implies transitions with similar excitation en-
ergies. This approach assumes all ions originate from the same region in the interstellar medium
(ISM). The method relates the column density to the equivalent width based on the saturation of
the line, following different relations for unsaturated and saturated lines. At the non-linear regime,
the transitions are saturated and b-parameter can significantly affect derived column densities.

Each element can present different transitions at different wavenlegths. However, these will
not be observed as a sharp drop in the observed flux at the corresponding shifted wavelength.
Absorption lines suffer from line broadening through different effects. The Doppler broadening
comes from the movement of atoms within material cloud due to their thermal energy. Atoms
absorb a specific wavelength, but due to their thermal movement the absoption will be blueshifted
or redshifted as they move towards the background light source or away from it. This effect is
observed in the line shape as a Gaussian profile that is temperature dependent. Another important
source of broadening are the collisions and pressures within the cloud. Collisions between atoms
or particles disturb the energy levels of the absorbing atoms, while high pressures increase the
density of collisions, provoking broadening the absorption features. This is observed as a Lorentz
profile in the absorption line i.e., a sharp absorption at the corresponding wavelength with wings
that extend into the continuum. These two effects are described as a Voigt-Hjerting profile which
is the combination of a Gaussian and a Lorentzian profile.

The total light observed is proportional to the optical depth of all the transition detected for
each element:
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I(λ) = exp−τ(λ) = exp−τ0 H(a,x) (2.2)

where τ is the optical depth and H(a, x) is the Voigt-Hjerting function:

H(a, x) =
a
π

∫ ∞

−∞

e−y
2

(x − y)2 + a2 dy (2.3)

with

a =
λΓ

4πb
(2.4)

x = −
c
b

(
1 −

λ

λ0

)
(2.5)

with Γ the damping parameter, a value that is inverselly proportional to the mean lifetime of
the transition, c is the speed of light and b is the Doppler parameter in km/s. This b parameter has
typical values that range from few km/s to several tens of km/s (Christensen et al. 2011; de Ugarte
Postigo et al. 2018) for individual components.

When measuring absorption line intensity for a specific atom, we are observing the light going
through a system for which we do not know the shape. The material could be highly concentrated
with a high density of atoms or the material is spread along a large region. We thus define the
column density as:

N =

∫
ndl (2.6)

where n is the atom density and l is the length of the absorbing material cloud the light goes
through.

We define the equivalent width (EW) of an absorption line as the width between the two
limiting wavelength values (λ1 and λ2) around an absorption line as:

W =

∫ λ2

λ1

(
1 −

Iλ
Icontinuum

)
dλ (2.7)

If we detect components at different velocities for the same transition, we are only able to
differenciate them if the spectral resolution is high enough. When the spectral resolution is too
low, it becomes difficult to discern the starting and ending points of absorption features. As a
result, the absorption lines appear blended, making it is not possible to accurately measure the
column density. In these cases, only relative values tied to a common component can be obtained.
This problem arises when the GRB afterglow light passes through multiple absorbers that are
either located too close to each other or contain nearly identical elements.

The column density of atomic species within the line of sight can be derived by fitting the Voigt
profile to the line profile. For this the resolving power of the spectrograph has to be high enough to
have a good sampling of the line, so significantly higher than (or at the very least comparable to)
the Doppler parameter of the transition. Instrumental resolution permitting, column densities for
different absorption lines can be obtained using modern codes such as VoigtFit (Krogager 2018)
that can fit Voigt profiles with multiple components to different transitions of the same species
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and even to different atoms at once in an interactive mode controlling physical parameters such
as the line broadening, b. An example of the fit of a broad Lyman-α absorption in GRB 190106A
afterglow spectum and accurate column density derivation using VoigtFit can be seen in Fig. 2.3.

Figure 2.3: Voigt profile fit (red line) of the broad HI absorption line in the normalised and
smoothed spectrum of GRB 190106A (in black) from (Heintz et al. 2023). We can see the non-
smoothed spectrum in gray behind the smoothed one.

Metal lines in absorption

Ionised gas metallicity is measured using emission lines and applying different calibrators. Ab-
sorption line spectroscopy allows to directly derive abundances for different elements. To do so, we
need to measure both the column density of metal lines and of HI, which is obtained by fitting the
broad Ly-alpha feature at 1215.67 Å in rest-frame. This is possible when doing UV spectroscopy
from space or for high-redshift sources, as the absorption shifts towards redder wavelenghts de-
tectable from ground-based facilities beyond redshifts of ∼ 1.6 − 2. Using the solar metallicity as
reference (Asplund et al. 2009; Lodders et al. 2009) we determine the metallicity as:

[X/HI] = log10

(
N(X)
N(HI)

)
− log10

(
N(X)�
N(HI)�

)
(2.8)

However, these values can be underestimated if part of the atoms are depleted onto dust. This
happens when atoms attach onto dust grains and do not contribute to the absorption lines in the
spectrum. Properties such as their binding energy condensation temperature can make atoms
such as iron or silicon to bound and form dust grains, while these is more difficult for elements
such as zinc or sulfur. This results in the undersetimation of the column density of a particular
element, and consequently an underestimation of the metallicity. To minimise this effect, we can
use the zinc metallicity as an indicator since this element is depleted less onto dust grains. As
zinc is not always detected in afterglow spectroscopy, metallicity determination has often to rely
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on different elements that suffer depletion. To correct for the dust depletion effect, we can use
relative metallicities of different elements and correct the observed metallicity from depletion (δX)
using the known relative degree of depletion for different species (see Sect. 3.3.2 for an extended
explanation on the dust-depletion correction). The depletion parameter, δX , of element X presents
different depletion patterns accordingly to the element for which we obtain a relative metallicity
(see Fig. 2.4) since different elements are depleted by a different amount.

However, when deriving metallicities from a GRB afterglow we might be tracing the material
from different parts from the host galaxy or the IGM (see Sect. 2.1.1). Most host galaxies show
a large column densities of neutral hydrogen, with values of log10(N(HI) > 20.3cm−2. These are
known as Damped Lyman Alpha absorbers (DLAs) and are associated to the external parts of the
ISM and to the halo of galaxies. For QSOs, lower values are detected which might indicate they
are tracing less dense intervening galaxy parts than for GRBs. This could be an indication that
GRBs trace gas from the inner parts of the host galaxy ISM. For short GRBs it is also possible that
the GRB trace only the halo gas if they have suffered a kick-out.

Figure 2.4: Dust depletion pattern for differen α-elements from (De Cia et al. 2016).

2.2 The physics behind imaging polarimety

The polarisation of the electromagnetic field is determined by the oscillation state of the electric
field. In a simplistic way, if we consider a monochromatic light that is totally polarised, the vector
that defines the electric field will travel drawing an ellipsoid in each perpendicular plane to the light
propagation direction. The polarisation ellipse (see Fig. 2.5) is tilted with an angle ψ with respect
to the x and y plane which corresponds to the observing plane. The decomposition of the semi-
major and the semi-minor axis of the rotated ellipsoid will then give the projected E0x and E0y. It
wild depend on the inclination of the ellipse that different polarisation states can be found. This is
due to the “length” of each component leading to two very differentiated polarisation degenerated
states, light that is linearly polarised or circularly polarised.
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Figure 2.5: Polarisation ellipsoid sketch from (Collett & Schaefer 2008).

Linearly polarised light can happens in different scenarios. It can be vertically or horizontally
polarised when E0x or E0y are zero, respectively. It is also be linearly polarised when ψ = 0 or
ψ = π/2. When ψ = π/4 or ψ = 3π/4, both components are equal resulting in linearly polarised
light (see Fig. 2.5). These different polarisation possibilities are commonly described by the
Stokes parameters that can be defined as described in Eq. 2.9 for which the propagation plane is
choosen to be the perpendicular one to the light direction to the observer (Landi Degl’Innocenti
et al. 2007). 

I = 〈E0xx2〉 + 〈E2
0y〉,

Q = 〈E2
0x〉 − 〈E

2
0y〉,

U = 〈2E0xE0y cosψ〉,

V = 〈2E0xE0y sinψ〉,

(2.9)

The Stokes parameters are associated to the total light intensity, I, to the proportion of linear
polarisation in the plane perpendicular to the propagation direction parallel plane Q, the polari-
sation in the ±45◦ plane to the reference plane and the V-parameter that indicates if the circular
polarisation is clockwise or counterclockwise (Landi Degl’Innocenti et al. 2007).

It is more common to use the the reduced Stokes parameters that are relative to the total
intensity, I, (see Eq. 2.10) 

q =
Q
I ,

u = U
I ,

v = V
I ,

(2.10)

This allow to define a relation to the angle between the semi-major axis and the x-axis that is
commonly known as the position angle and follows:

u
q

= tan (2ψ) (2.11)
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These equations allows to measure the main properties of light in sources such as GRB af-
terglow for which we can obtain the polarisation degree calculated as described by 2.12. The
position angle, ψ (Eq. 2.11), depends for an additive constant to take into account the correction
of the system, that can have different values as indicated in Eq. 2.13 (Bagnulo et al. 2009).

p =

√
q2 + u2 (2.12)

ψ0 =


0, if Q > 0 and U ≥ 0,
π
2 , if Q ≤ 0,

π, if Q > 0 and U < 0.

(2.13)

This is further explained in Chapter 4 following the same formalism.

2.2.1 Measuring source polarisation using imaging polarimetry

Polarimetry measurements in optical astronomy are possible through a specific optical setup. The
incoming light passes through a λ/2 retarder plate, placed in the optical path at a fixed position.
A retarder plate introduces a phase difference between the orthogonal components of light, al-
tering its polarization state. The λ/2 plate rotates the plane of polarization of linearly polarized
light.Afterwards, light must go through a polariser, a Wollaston prism that will separate the light
into the ordinary and the extraordinary rays. The λ/2 plate or half wave plate (HWP) functionality
is to rotate in 22.5 degrees steps to change the angle (ψ) of the incoming light. In practice, this ro-
tation alters the polarisation state of the light, allowing different polarisation angles to be observed
without rotating the instrument. When the angle of the HWP is a multiple of α = k · 45◦ = 0◦, 45◦,
or α = k ·45◦+22.5◦ = 22.5◦, 67.5◦, it modifies the polarisation of the incoming light allowing the
measurement of the light flux at different position angles. The combination of the measurements
in each HWP position allow to reconstruct the polarisation ellipsoid and compute the Stokes pa-
rameter, q and u following eq. 2.2.1. After the HWP the light needs to go through the Wollaston
prism (see a picture in 2.6) which split the beam light into orthogonally polarised ordinary and
extraordinary beams.

The reduced q, u Stokes parameters can be determined using imaging polarimetry methods
i.e., imaging of a source after passing through the previously described optical elements. These
are obtained as a rate between the background subtracted flux measured in the ordinary and ex-
traordinary beams in each image obtained at different HWP positions as described in (Bagnulo
et al. 2009):

q =
1
2

{(
f o − f e

f o + f e

)
α=0◦
−

(
f o − f e

f o + f e

)
α=45◦

}
(2.14)

u =
1
2

{(
f o − f e

f o + f e

)
α=22.5◦

−

(
f o − f e

f o + f e

)
α=67.5◦

}
and with the corresponding errors as indicated in Eq. 2.15 where x corresponds to the q, u

parameters with ψ0 = 0.0 for x = q and ψ0 = 22.5 for x = u:
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σ′2x =

( f o

( f o + f e)2

)2

σ2
f o +

(
f e

( f o + f e)2

)2

σ2
f e


α=ψ0

+

( f o

( f o + f e)2

)2

σ2
f o +

(
f e

( f o + f e)2

)2

σ2
f e


α=45◦+ψ0

.

(2.15)

However, polarimetry measurements can be contaminated in many different ways changing
the original polarisation of the light emitted by an astronomical source. The interstellar medium
that the light goes through, either in the environment of the source (host galaxy of extragalactic
objects such as GRBs), or within the Milky Way can alter the signal. Light from the Moon can also
contribute to polarising the background of our target. Finally, we also have to take into account
the effects of the optical elements in the polarimeter. Some of them are due to chromaticity of
the optical elements as they may be different from their theoretical values or the different filter
transmitance (González-Gaitán et al. see 2020 for an extended explanation in this). However,
most of these effects can be corrected by properly calibrating the instrument (f.ex. with flat fields)
and through the study of the polarisation with different HWP angles.

Further explanations on how we can masure q and u parameters and correct them from contam-
ination polarisation sources can be found in Sect. 4.4.1. In this section is also explained how the
polarisation can be corrected from the bias introduced by its definition as an intrinsically positive
quantity.

Figure 2.6: Optical elements in the light path for imaging polarimetry (Images from
https://www.eso.org/sci/facilities/paranal/instruments/fors/inst/pola.html). Left: Retarder λ/2
plate that acts as direction of the light beam selector. Right: Wollaston prism. Light passing
through is splitted into two well separated beams with the electrical vectors in orthognal direc-
tions.
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2.3 Integrated properties of GRB host galaxies. Spectral Energy
Distribution fitting

At low redshift, resolved studies of bright galaxies allow to unveil the properties of smaller galaxy
regions. However, when the redshift is large and the targets are small and faint this type of ob-
servation is not possible. From non-spatially-resolved observations we can derive the integrated
properties of a galaxy through methods like Spectral Energy Distribution (SED) fits. By collect-
ing the integrated photometry of the host in different bands we can build an SED of the galaxy.
The galaxy emission from the highest energies down to the radio emission has contributions from
the different components that co-exist in galaxies, including gas emission due to star-formation,
stellar continuum, UV light absorption due to dust and its re-emission in IR. The total flux of un-
resolved galaxies is a complex sum of all emitting components and makes it challeging to identify
the contribution of each component to the galaxy SED. SED fitting codes attempt to determine
the contribution of those components in the overall light of the galaxy using different approaches
depending on galaxy properties (e.g. galaxy type dust characteristics as compared to SF galax-
ies). With these codes we can obtain integrated properties for the modeled galaxy such as the total
stellar mass, the star formation rate or the metallicity, among others.

There are many different SED fitting codes. Each of them is based in a number of assumptions
and uses specific approaches to compute values like the total stellar mass or the Star Formation
Rate (SFR) of a galaxy. A comparison of different SED fitting codes shows consistent results
in certain physical properties such the stellar mass but tend to be more discrepant in some other
properties, such as the SFR (Pacifici et al. 2023) which could be an effect due to differences in how
the star formation history is implemented. Figure 2.7 shows that different codes can yield slightly
different results when computing the same properties. The ability to incorporate infrared (IR) ob-
servations, along with the option to include additional emission components—such as emission
from active galactic nuclei (AGN)—can be crucial when selecting among the various available
SED fitting codes. These codes are based on the selection of galaxy templates that consider dif-
ferent galaxy types, their evolutionary state and other physiscal characteristics. They typically
implement the different theoretical aproaches and let the user choose those that better matches the
objects.

There are two main branches of SED fitting codes, one in which SED templates are built on
the fly as the user select models and model parameters. This is the case of Prospector, a python-
based SED fitting code that relies in Monte Carlo methods to compute the physical properties
of the fitted galaxy SEDs (Johnson et al. 2021). A different approach is to use a grid of already
modelled SEDs and compute the physical parameters accordingly to the available photometry. A
good example for this method is the Code Investigating GALaxy Emission CIGALE (Boquien et al.
2019), a python-based code that assumes that all absorbed UV photons are re-emitted in the IR by
dust. This physical condition makes the availability of mid- and far-ingrared (MIR and FIR) very
desirable to obtain solid results. The grid-based fitting approach in CIGALE is computationally
more efficient when analyzing large samples, especially in cases where computing resources are
limited. In contrast, Prospector can become computationally expensive when the parameter
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Figure 2.7: Results distribution obtainend after using the same datasample and fitting the corre-
sponding SED following the same fashion. Comparison is done after using different configurations
i.e., not including IR observations, with IR photometry (wIR) and including an AGN component
(wAGN). Taken from Pacifici et al. 2023.

Figure 2.8: Best fit SED model to the host of GRB 171205A using CIGALE (Boquien et al. 2019).
In the upper panel the flux density distribution is shown in gray. Orange circles are the photometric
data while blue dots are the expected fluxes from the best model. The lower panel shows the
residuals of the model - the photometry. Taken from de Ugarte Postigo et al. 2024.

space is sufficiently large (Csizi et al. 2024).

Another key difference lies in its modularity and flexibility. For example, CIGALE allows fit-
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ting the star formation history (SFH) using both parametric and nonparametric functions, while
Prospector relies solely on nonparametric SFH modeling. Although this can lead to better con-
straints on the SFH, it also requires broad wavelength coverage, ideally from the UV to the near-
infrared (NIR).

Overall, Prospector tends to be slower when applied to large datasets, though it can offer
more detailed SED modeling for individual galaxies. For studies involving large samples, CIGALE
may be the more practical choice, as the differences between codes become less significant. In-
deed, in Fig. 2.7, we see that the results for stellar mass and SFR are not significantly different
when using different SED fitting codes, while AV appears to be less well constrained, although
still consistent across codes (see (Pacifici et al. 2023) for an extended comparison of SED fitting
methods). Figure 2.8 shows an example of a SED fit to a long GRB host galaxy with observations
covering from the far-ultraviolet (FUV) to radio wavelenghts using CIGALE.

The selection of the models that we use to fit our data requires that we take into account several
variables. The main one is the spectral range that the available data covers, this helps to understand
what modules should be taken into account for the SED computation. The next step is to know
the galaxy type and its typical properties. As for the host of long GRBs, they are expected to be
immersed in galaxies that have an ongoing star-forming burst. This does not imply that these host
are strictly young galaxies but instead they could have an older underlying stellar population with a
recent burst of star-formation. Among the different possibilities described in Boquien et al. (2019)
for the star formation history (SFH) modellisation, the best choice is a model with a delayed star
formation rate as described in Eq. 2.3. The input parameters allows to model the SFH with a free
age for the stellar population and to take into account the most recent burst that would give birth
to a previously detected GRB:

SFR(t) ∝


t
τ2

0
· e−t/τ0 if t < t0 − t1,

t
τ2

0
· e−t/τ0 + k · e−(t−t0+t1)/τ1 if t ≥ t0 − t1.

t0 and t1 are the age of the main stellar population and the beginning of the star formation
burst and, respectivelly, τ0 and τ1 are the peak of the star formation episode for the main stellar
population and the star formation burst. This SFH choice allows to model the mass fraction of the
stellar mass that correspond to the star-formation burst as a variable of the burst amplitude, k:

k =
fburst

1 − fburst
·

∑t0
t=0

t
τ2

0
· e−t/τ0∑t0

t=t0−t1 e−(t−t0+t1)/τ1

It is also important when choosing the models to select the most appropriate Initial Mass
Function (IMF). The first step is to select a library of single stellar population (SSP). One of the
most common and flexible SSP library is the one from Bruzual & Charlot (2003) that allows to
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fit either a Salpeter (1955) IMF or a Chabrier (2003), from which the later IMF is more suited for
Bruzual & Charlot (2003) which allows for a wider metallicity range than other SSP models like
Maraston (2005). This metallicity refers to the metallicity per mass fraction (Z), which is defined
as the ratio between the mass of metals and the total stellar mass. It quantifies how much of a
galaxy’s stellar mass is composed of metals. According to this definition, the solar metallicity is
Z� = 0.02 meaning that only 2% of the Sun total mass is made of elements heavier than helium.
CIGALE includes various models for dust absorption based on the updated Calzetti et al. (2000)

law (explained in Boquien et al. 2019), allowing separate modeling of attenuation for the stellar
continuum and for the emission lines. In star forming region dust is typically denser than for the
stellar component which would result in lower SFR values. The nebular emission lines attenuation
can be fitted using the attenuation laws of Cardelli et al. (1989) for a Milky Way like model or (Pei
1992) for the Small and Large Magellanic Clouds attenuation models. Both the stellar component
and the nebular component are linked through the ratio between the color excess of the stellar
component and the color excess for the emission lines

As dust absorbs light, it heats up and re-emits the energy in the infrared. To model this, a
good choice are the Dale et al. (2014) templates for dust emission which depend only on the index
αIR of the distribution of the heating intensity per mass. These templates are an update of Dale &
Helou (2002) models specific for star-forming galaxies (Dale et al. 2014).

The aforementioned codes are just examples of the many options that can be used to fit galaxy
SEDs to derive physical properties.
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of the Interstellar Medium of a Short
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Abstract

Short gamma-ray bursts (SGRBs) are produced by the coalescence of compact binary systems
which are remnants of massive stars. GRB 160410A is classified as a short-duration GRB with
extended emission and is currently the farthest SGRB with a redshift determined from an afterglow
spectrum and also one of the brightest SGRBs to date. The fast reaction to the Neil Gehrels
Swift Observatory alert allowed us to obtain a spectrum of the afterglow using the X-shooter
spectrograph at the Very Large Telescope (VLT). The spectrum shows several absorption features
at a redshift of z = 1.7177, in addition, we detect two intervening systems at z = 1.581 and
z = 1.444. The spectrum shows Lyα in absorption with a column density of log(N(HI)/cm2) =

21.2 ± 0.2 which, together with FeII, CII, SiII, AlII and OI, allow us to perform the first study of
chemical abundances in a SGRB host galaxy. We determine a metallicity of [X/H] = −2.3 ± 0.2
for FeII and −2.5 ± 0.2 for SiII and no dust depletion. We also find no evidence for extinction in
the afterglow Spectral Energy Distribution (SED) modeling. The environment has a low degree of
ionisation and the CIV and SiIV lines are completely absent. We do not detect an underlying host
galaxy down to deep limits. Additionally, we compare GRB 160410A to GRB 201221D, another
high-z short GRB that shows absorption lines at z = 1.045 and an underlying massive host galaxy.

42



GRB 160410A: the first Chemical Study of the ISM of a sGRB

3.1 Introduction

For a brief moment, gamma-ray bursts (GRBs) are capable of outshining any other source in
the Universe. Their γ-ray flashes can last from significantly less than a second to hundreds or
even thousands of seconds (Kouveliotou et al. 1993). According to their duration and spectral
characteristics, GRBs can be divided into two classes, long/soft GRBs (LGRBs) and short/hard
GRBs (SGRBs). LGRBs are associated with the collapse of very massive stars and their prompt
γ-ray emission in most cases lasts for more than 2 s. They have been shown to be linked to broad-
lined Type Ic core-collapse supernovae (e.g. Galama et al. 1998; Hjorth et al. 2003; Woosley &
Bloom 2006; Hjorth & Bloom 2012; Cano et al. 2017).

SGRBs, in contrast, are associated with the merger of a binary system of compact objects, usu-
ally two neutron stars (NSs, Berger 2014; Abbott et al. 2017a). They show a harder γ-ray spectrum
than LGRBs and have a T90

1 of less than 2 s (Kouveliotou et al. 1993), although some events show
extended emission (EE), albeit with a softer spectrum, and recently, an event, GRB 211211A,
which was almost indistinguishable from a long GRB, has been associated with a compact object
merger (Rastinejad et al. 2022; Gompertz et al. 2022; Yang et al. 2022; Troja et al. 2022). SGRB
afterglows are typically less luminous than those of LGRBs (Kann et al. 2011) which makes them
much more difficult to detect at higher redshifts. A recent study by Dichiara et al. (2021) suggests
that at high redshifts, there is a bias towards SGRBs with extended emission as they are typically
brighter than regular short GRBs.

In a SGRB, during coalescence of the binary system, a relativistic jet forms producing the
prompt emission and later the afterglow emission by interaction with the circumburst environ-
ment, the same way the afterglow is produced for LGRBs. SGRBs also show a so-called kilonova
emission (KN), powered by the radioactive decay of heavy elements produced via the r-process in
a neutron-rich environment (Metzger et al. 2010). The KN emission is normally much fainter than
the afterglow and hence is only detected a few days after the GRB when the afterglow has faded
(e.g. Metzger 2019).

Until recently, GRBs have only been detected by high-energy instruments on-board satel-
lites such as the Neil Gehrels Swift Observatory (Swift hereafter)/Burst Alert Telescope (BAT,
Gehrels et al. 2004; Barthelmy et al. 2005), Fermi/Gamma-Ray Burst Monitor (GBM, Meegan
et al. 2009), or Konus-Wind (Aptekar et al. 1995). In 2017 a gravitational wave (GW) was detected
by LIGO/Virgo together with a corresponding electromagnetic counterpart at various wavelengths
and the SGRB 170817A detected by Fermi/GBM and the SPI-ACS (SPectrometer on INTEGRAL
- Anti-Coincidence Shield) on INTEGRAL just ∼ 1.7 s after the GW detection, firmly linking NS
mergers to SGRBs (Goldstein et al. 2017; Savchenko et al. 2017; Abbott et al. 2017a,b; Tanvir
et al. 2017). However, to date this has been the only event where an electromagnetic counterpart
has been detected in association with a GW signal from a NS-NS merger (e.g. Antier et al. 2020).
Optical surveys of the sky such as the Zwicky Transient Facility (ZTF) are expected to signifi-
cantly increase the KN detection rate, even in the absence of a γ-ray or GW signal (Bellm et al.
2019; Graham et al. 2019; Andreoni et al. 2021).

1T90 is defined as the time span during which from 5% to 95% of the total counts emitted by a GRB are detected.
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The presence of KN emission has been claimed for a small number of SGRBs, however,
the first conclusive detection was obtained for GRB 130603B (Tanvir et al. 2013; Berger et al.
2013). This SGRB was also the first showing absorption lines in the afterglow spectrum (de
Ugarte Postigo et al. 2014b). Since then, only a few SGRBs had a redshift spectroscopically de-
termined via the afterglow. This makes the study of the redshift distribution and properties of the
interstellar medium (ISM) challenging for the class of SGRBs and often only an indirect redshift
via association with a likely host galaxy is available (e.g. Berger 2010).

Short bursts are associated with host galaxies featuring a wide distribution of stellar popula-
tion ages and galaxy types. SGRBs do not seem to have a preferred location in their host galaxies.
Some have even been detected at large distances from their putative hosts (e.g. Leibler & Berger
2010; Berger 2010; Fong & Berger 2013). The offset distribution can be explained by the time
needed for the compact objects to form from their massive star binary progenitors and the sub-
sequent delay time for the system to merge due to GW energy loss (Beniamini & Piran 2019;
Belczynski et al. 2006; Paterson et al. 2020).

Several studies suggest compact object mergers (NS-NS, or Neutron Star - Black Hole, NS-
BH) as a major source for r-process element enhancement (Watson et al. 2019; Roederer et al.
2016) in dwarf galaxies (Beniamini et al. 2015) as well as in ultra-faint dwarf (UFD) galaxies
(Beniamini et al. 2016a). This is the case for Reticulum II, a UFD containing very metal-poor
stars with a higher abundance of r-process elements than expected from chemical evolution driven
by typical core-collapse supernovae (CC-SNe). It has been suggested that a single NS-NS merger
could generate the r-process element abundances observed in these galaxies, however, rare CC-
SNe cannot be ruled out (Ji et al. 2016a; Beniamini et al. 2016b).

In contrast, long GRBs are commonly found in bright, metal-poor regions within their host
galaxies (e.g. Fruchter et al. 2006; Jakobsson et al. 2006; Thöne et al. 2008; Lyman et al. 2017) and
typically with large neutral hydrogen column densities. Most LGRB hosts have log(N(HI)/cm2)
> 20.3 (e.g. Tanvir et al. 2019), which is the definition for a Damped Lyα (DLA) system. LGRBs
have proven to be ideal beacons in the study of neutral and ionised gas evolution in absorption
in the ISM, the Circumgalactic Medium (CGM) and the Intergalactic Medium (IGM) (e.g. Wolfe
et al. 2005; Starling et al. 2013; Selsing et al. 2019; Bolmer et al. 2019; Gatkine et al. 2019).

In this paper we present a study of the optical counterpart of GRB 160410A and its afterglow
spectrum. GRB 160410A is the first SGRB for which the spectral observations span a large enough
spectral range, together with the SGRB redshift, to cover the Lyα absorption line and has sufficient
quality to make a chemical study of the gas in its host galaxy. We also include GRB 201221D
in our analysis, a SGRB with absorption lines in the spectrum, which had a lower redshift of
z = 1.045 and a less broad spectral coverage (see Sect. 3.2.6). The paper is structured as follows:
In Sect. 4.3 we present the observations of the afterglow and host galaxy of both GRBs, Sect. 4.4
presents the results on the analysis of the spectrum of the burst afterglow and its light curve as
well as observations of the field to detect the host galaxy. For GRB 201221D we also present the
analysis and properties of its associated host galaxy. In Sect. 4.5 we put the results in context of
similar studies for long GRBs and in Sect. 4.6 we present our final conclusions.

Throughout this study, we adopt a cosmological model with H0 = 67.3 km s−1Mpc−1, ΩM =
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0.315, ΩΛ = 0.685 (Planck Collaboration et al. 2014a).

3.2 Observations

3.2.1 High-energy detection of GRB 160410A

Swift/BAT triggered on a source at RA = 10h 02m 43s, Dec. = +03◦ 26′ 37′′ with an uncertainty
of 3′ on the 10th of April, 2016 at 05:09:48 UT (Gibson et al. 2016). The event localisation was
refined by the UVOT instrument on-board Swift that took a finding chart with the white filter
with a total exposure time of 150 s only 91 s after the BAT trigger, locating the burst to RA =

10h 02m 44.37s, Dec. = +03◦ 28′ 427 with an uncertainty of 049 (Marshall & Gibson 2016). In
the refined analysis of Sakamoto et al. (2016) the burst shows a duration of T90 = 8.2 ± 1.6 s in
the 15− 350 keV band and a spectral lag of 8± 14 ms between the 50− 100 keV and 15− 25 keV
bands and −3± 7 ms between the 100− 350 keV and 25− 50 keV bands, which is consistent with
zero, as expected for SGRBs (Norris & Bonnell 2006). The BAT light-curve analysis of Sakamoto
et al. (2016) shows signs of faint extended emission, ∼0.038 counts det−1 s−1 at T+10 s.

The Swift X-Ray Telescope (XRT, Burrows et al. 2005a) observed the GRB at five epochs
starting from 83 s after the GRB. Data were initially acquired in Windowed Timing (WT) mode
due to the brightness of the source, and later in Photon Counting (PC) mode. The XRT light curve
shows an initial steep decay with a power law decay index of 2.0 ± 0.1, and possibly two small
flares superimposed. The light curve continued with a flattening, starting from ∼ 750 s followed
by another decay. However, the XRT data collected in PC mode are too sparse to provide a deeper
analysis of the lightcurve.

Observations from Konus-Wind, sensitive to higher energies in the 20 keV-10 MeV range,
show a peak energy of Epeak, observed = 1416+528

−356 keV, a T90 = 2 s, and an isotropic energy
release of Eiso, rest = 4.0 × 1052 erg (Frederiks et al. 2016). However, Frederiks et al. (2016) used
a different cosmology than the one adopted in this work so we re-calculated it (see Sect. 3.5.1
and Sect. 3.4). Given the energy released as observed by Konus-Wind, the initial pulse complex
(Frederiks et al. 2016), the extended softer emission (Dichiara et al. 2021), and the negligible
spectral lag (Sakamoto et al. 2016), this burst has been classified as a short GRB with extended
emission (see Sect. 3.5.1 and Sect. 3.4 for further discussion on this issue).

3.2.2 X-shooter observations of GRB 160410A

The X-shooter spectrograph (Vernet et al. 2011) was automatically triggered after the Swift alert
using the Rapid-Response Mode (RRM). Observations of the afterglow of GRB 160410A started
at 05:18:08.00 UT, 8.4 minutes after the Swift trigger. The acquisition image showed the afterglow
at r′ = 20.249±0.037 mag (AB photometric system). The initial results of the analysis of the spec-
trum were reported by Selsing et al. (2016)2. The observations consisted of a total of 3 exposures
of 600 s each in a dithering pattern ABB taken just before the twilight and before the telescope
limit at 20◦ elevation was reached. The seeing was ∼ 0.9” and transparency conditions were clear.

2We note that this spectrum was also presented as part of the X-shooter sample by Selsing et al. (2019).
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Due to the high airmass (∼ 2.4) at which the observation was performed, the spectral trace changes
its position on the slit as a function of wavelength, which we modelled in the spectral extraction.
The spectra were reduced using the ESO/X-shooter pipeline v.2.6.8 (Modigliani et al. 2010) and
Reflex (Freudling et al. 2013). The final spectrum has a spectral resolution in the UVB arm of 54
km s−1 and of 28 km s−1 in the VIS arm. No features were detected in the NIR arm. An initial
sky-subtraction was performed on the unrectified image. The spectral response function was gen-
erated using observations of a spectrophotometric standard-star (Vernet et al. 2010; Hamuy et al.
1994) with an optimal extraction, as was also done for the science spectrum. We show the com-
plete normalised spectrum in Fig. 3.1. The signal-to-noise (SNR) per resolution element varies
between ∼5–15 in the UVB arm and between ∼7–10 for the VIS arm for the continuum in the
regions where we detect absorption lines. In the NIR we find an average SNR of ∼1.2.
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Figure 3.1: X-shooter spectrum (black) of the optical afterglow of GRB 160410A smoothed using
a Gaussian kernel with 1σ for the first four panels and 2σ for the last two panels showing the
NIR spectrum. The error spectrum is plotted in blue for the unbinned spectrum. Vertical lines
denote the absorption lines: Red corresponds to absorption lines at the GRB redshift, blue is the
intervening system at z = 1.581, and magenta the intervening system detected at z = 1.444. The
error spectrum in the blue end is higher than the actual spectrum due to the absence of binning for
the error spectrum.

3.2.3 Photometric Observations of GRB 160410A

For our analysis of the GRB we also obtained imaging of the optical and near-IR afterglow of GRB
160410A. In addition to the observations listed below, we used the acquisition image of the X-
shooter observations (see Sect. 3.2.2) as well as literature data from Skynet PROMPT (Trotter et al.
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2016) and a late detection by the 2.4 m GMG telescope (Wang et al. 2016). For our analysis, we
do not use the afterglow limits reported by Muraki et al. (2016); Juvan et al. (2016); Cobb (2016);
Rastinejad et al. (2021). Finally, we obtained late observations of the field in the optical with the
10.4 m Gran Telescopio de Canarias (GTC) and in infrared with the Spitzer space observatory to
search for an underlying host galaxy (see Sects. 3.2.4, 3.2.4 and Fig. 3.2).

TAROT observations

The 0.25 m Télescope à Action Rapide pour les Objets Transitoires (TAROT) La Silla telescope
observed the location of GRB 160410A very rapidly, beginning 28 s after trigger (16.8 s after
notice). Observations (originally published in Klotz et al. 2016) were obtained in trailing mode
(Klotz et al. 2006). The afterglow is detected as a very faint trail. The photometry method was
based on the division of the afterglow flux by the flux of a reference star. To verify the validity of
the method we chose another known star as a check. The magnitudes of the two stars (r′ = 13.517
mag, r′ = 16.720 mag, respectively) were taken from the Sloan Digital Sky Survey (SDSS) Data
Release 12 (Alam et al. 2015). To evaluate the flux density uncertainties we computed the standard
deviation of the background. The check star allowed us to validate the photometric method since
the SDSS magnitude lies fully within the computed limits for each measurement. The TAROT
best mean magnitude is 0.08 mag fainter than the SDSS value, however, the TAROT image is
unfiltered, explaining this small colour effect.

The afterglow evolution shows a decay with a possible superposed flaring behaviour (see Sect.
3.3.4). We note that the columns on which the afterglow trail was located from 55 − 60 s are less
sensitive than the surrounding ones and we can only claim an upper limit here. Furthermore, the
afterglow magnitude fell below the detection limit by the end of the trailed observation.

UVOT observations

The Swift/UltraViolet Optical Telescope (UVOT, Roming et al. 2005) began observing the field
of GRB 160410A 91 s after the Swift/BAT trigger. Observations were taken in both event and
image modes. The afterglow is detected in all UVOT filters except for uvw2 and uvm2, as these
lie blueward of Lyα at the redshift of GRB 160410A. Before extracting count rates from the event
lists, the astrometry was refined following the methodology of Oates et al. (2009). The source
counts were extracted initially using a source region of 5′′ radius. When the count rate dropped to
below 0.5 counts/s, we used a source region of 3′′ radius. In order to be consistent with the UVOT
calibration, these count rates were then corrected to 5′′ using the curve of growth contained in
the calibration files. Background counts were extracted using three circular regions of radius 10′′

located in source-free regions. The count rates were obtained from the event and image lists using
the Swift tools uvotevtlc and uvotsource, respectively. They were converted to magnitudes
using the UVOT photometric zero points (Poole et al. 2008; Breeveld et al. 2011). To improve the
signal-to-noise ratio, the count rates in each filter were binned using ∆t/t = 0.2, leading to longer
but deeper exposures at later times. The early event-mode white and u finding charts were bright
enough to be split into multiple exposures.
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GROND observations

We obtained multi-band photometric observations with the Gamma-Ray burst Optical and Near-
infrared Detector (GROND) (Greiner et al. 2008; Greiner 2019) mounted on the 2.2 m MPG tele-
scope at ESO La Silla observatory (originally published in Yates et al. 2016) in the g′r′i′z′JHK
bands. GROND observations began about half an hour after the GRB, at very high airmass (2.7).
Only a single 4M4TD3 observation Block (OB) could be obtained before the telescope hit a point-
ing limit. The effective integration time was somewhat reduced by the low quality of one of the
dithering positions. However, the afterglow is still detected in g′r′i′z′. The following night, ob-
servations started at lower airmass but under adverse conditions. A total of 28 8M4TD OBs were
obtained, but only OBs 1 − 21 were usable. The afterglow had faded considerably, and was only
detected in g′r′i′.

Afterglow magnitudes in the optical were calibrated against standard stars in the same field
from the SDSS catalogue (Alam et al. 2015). Near-infrared magnitudes (all upper limits) were
measured against comparison stars in the field taken from the 2MASS catalogue (Skrutskie et al.
2006). Reduction and analysis were performed within a custom pipeline calling upon IRAF tasks
(Tody 1993), following the methods of Krühler et al. (2008); Yoldas, et al. (2008).

NOT observations

Observations were taken in the r′ band with the Alhambra Faint Object Spectrograph and Camera
(AlFOSC) at the 2.5 m Nordic Optical Telescope (NOT) at the Roque de la Muchachos Observa-
tory on La Palma, Canary Islands, Spain (originally published by Malesani & Kirkpatrick 2016;
Malesani et al. 2016, see Fig. 3.2). The afterglow was directly calibrated against four SDSS stars
in the field. In the second epoch, forced aperture photometry on the afterglow position yields a
tentative 3σ detection, which, however, is in agreement with the decay extrapolated from earlier
times. We therefore include it as a detection.

3.2.4 Host observations of GRB 160410A

We performed deep photometric observations with a ground-based facility in search of an under-
lying galaxy hosting GRB 160410A. We also observed with the IRAC instrument on-board the
Spitzer satellite.

GTC observations

We searched for a possible underlying host galaxy at the GRB position at late times in the r′

band using OSIRIS at GTC. Data were taken on the night of the 24th of May 2016, comprising
a total of ten images with an exposure time of 180 s each4. The observations were obtained at an
airmass of ∼ 1.4 and calibrations were performed using four SDSS field stars. We do not detect

3Denoting the integration time in the NIR is 4 min in total, and there are four optical images at four different
dithering positions, therefore a 4M(inute)4T(elescope)D(ithers).

4Observations obtained under GTC programme GTC22-16A (PI: C.C. Thöne).
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any source at the position of the afterglow down to a 3σ limit of 27.17 mag (AB, corrected for
Galactic extinction) (see Fig. 3.2).

Spitzer observations

We obtained observations of the field of GRB 160410A with the Infrared Array Camera (IRAC)
on-board the Spitzer Space Telescope on 2017 August 22 as part of the extended Swift/Spitzer GRB
Host Galaxy Legacy Survey (SHOALS; Perley et al. 2016a). One hour of integration (36 × 100
s dithered images) was obtained in IRAC channel 1 (3.6 µm). We downloaded the Spitzer Post-
Basic Calibrated Data (PBCD) co-added images from the Spitzer Heritage Archive and used the
methods of Perley et al. (2016b) to model and subtract nearby contaminating sources within a 20′′

box around the location of the GRB. There is no source visible consistent with the location of
the optical afterglow in this image. We derive a 3σ limit on the magnitude within a 2′′ aperture
centred on the GRB afterglow location of mch1 > 24.74 mag (AB).

Figure 3.2: Optical observations of the field of GRB 160410A. Left: r′-band image obtained by
NOT 0.7 days after the burst where the afterglow is clearly detected. Right: Deep late observation
at 44.7 days in the same band by the 10.4 m GTC, where no source is detected down to a limit of
r′ > 27.17 mag (AB, corrected for Galactic extinction).

3.2.5 High-Energy detection of GRB 201221D

Swift/BAT detected the short GRB 201221D at 23:06:34 UT on 21 December 2020 (Page et al.
2020). The burst is located at RA = 11h 24m 14.09s, Dec. = +42◦ 08′ 40.0′′ (J2000) with an
uncertainty of ∼ 11. It had a duration of T90 = 0.16 ± 0.04 s in the 15-350 keV band (Krimm
et al. 2020) and a peak energy in observer frame of 98±8 keV as seen in Fermi/GBM observations
(Hamburg et al. 2020). GRB 201221D was observed by the Konus-Wind observatory showing a
peak energy of Epeak, observed = 148+86

−37 keV (Frederiks et al. 2020), which implies that it was a
clear short GRB.
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3.2.6 GTC Spectroscopic observations of GRB 201221D

We observed the GRB afterglow using GTC/OSIRIS starting 2.76 hours after the trigger. The
observations consisted of an acquisition image in r′ band followed by long slit spectroscopy5. Four
exposures of 1200 s were obtained covering the 3700 Å to 7800 Å spectral range, at an airmass
ranging from 1.45 to 1.83.

The data were reduced using a self-developed pipeline based on IRAF routines. Data re-
duction included bias and response correction, and wavelength calibrations using HgAr and Ne
lamps, which were also used to do a 2D distortion correction. Cosmic rays were removed using
the lacos spec routine (van Dokkum 2001). The flux calibration was performed using as refer-
ence the spectrophotometric standard star G191B2B (Oke 1990). The 1D spectrum was obtained
through optimal extraction (Horne 1986).

This is the first afterglow spectrum of a short GRB showing evidence for absorption lines ob-
tained since GRB 160410A and only the third spectrum of a short GRB afterglow to have them,
which is why we include it in this paper for comparison. The spectrum shows emission and absorp-
tion features while the continuum is dominated by the host galaxy (see Sect. 3.4.1). Unfortunately
the low signal-to-noise ratio of the spectrum of GRB 201221D limits the amount of information
that can be extracted from these data.

3.2.7 Host observations of GRB 201221D

The Large Binocular Telescope (LBT) observed the underlying host galaxy of GRB 201221D at
two epochs. A first observation was obtained on the 24th of December, 2020 when we observed
in the near-infrarred J and Ks filters with the LBT Utility Camera in the Infrared (LUCI, Seifert
et al. 2003) imager and spectrograph under good seeing with 10 on average, (first reported in Rossi
& CIBO Collaboration 2021). The second observation was obtained the 10th of January, 2021 in
the g′r′i′z′ bands with the Large Binocular Camera (LBC, Giallongo et al. 2008) under moderate
seeing conditions (16 on average).

LBT data were reduced using the data reduction pipeline developed at INAF-Osservatorio
Astronomico di Roma (Fontana et al. 2014) that includes bias subtraction and flat-fielding, bad
pixel and cosmic ray masking, astrometric calibration and coaddition. For LUCI, it includes also
dark subtraction and sky subtraction. The astrometry was calibrated against field stars in the GAIA
DR2 catalogue (Gaia Collaboration et al. 2018) and has an astrometric precision of 015.

All data were analysed by performing aperture photometry using DAOPHOT and APPHOT under
PyRAF/IRAF. We have carefully selected the size of the apertures to avoid faint sources close to the
host, in particular a faint source 35 NW from the host. The photometric calibration was performed
in the optical against the SDSS DR12 catalogue (Alam et al. 2015) and in the NIR against 2MASS
stars.

5Observations obtained under GTC programme GTCMULTIPLE2G-20B (PI: de Ugarte Postigo).
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3.3 Analysis and results

Our comprehensive analysis of the GRB 160410A afterglow comprises data from high energies to
optical wavelengths. Unfortunately, no near-infrared data of sufficient quality are available. For
GRB 201221D, the data coverage is significantly sparser than for GRB 160410A.

3.3.1 X-Ray analysis of GRB 160410A

We extracted the spectrum in WT mode, avoiding the small flares (i.e., in the 89−150 s time-frame)
collecting ∼ 700 source counts. This is to avoid possible contamination from the flare emission
on the spectral parameters. We fitted the X-ray data with a power-law model, with the Galactic
absorption fixed to NH,Gal = 1.8× 1020 cm−2 and a free intrinsic absorption at z = 1.72 of the host
galaxy. We adopted C-statistics and data were binned to 1 count per energy bin in the 0.3 − 10
keV energy range. The best-fit power-law photon index is Γ = 1.6 ± 0.1 (1σ confidence level).
The intrinsic absorption column density is NH(z) = 3.0+2.3

−1.9 × 1021 cm−2. The spectrum evolves to
a softer value as the flux decreases (Γ ∼ 2), but the lower number of counts prevented us to better
constrain the photon index.

3.3.2 Spectral analysis

In the spectrum of GRB 160410A we detect several absorption features typically found in long
GRB sight-lines (Christensen et al. 2011). The wavelength coverage of X-shooter allows the
detection of Lyα absorption from a host galaxy DLA system at the blue end of the spectrum which,
together with other metallic lines, is used to derive the metallicity of the host galaxy gas. We do
not detect any fine-structure lines commonly associated with gas in the close GRB environment
(Vreeswijk et al. 2007, 2011; D’Elia et al. 2009b,a). For FeII* λ 2612 we derive a rest frame limit
of < 0.15Å a value 30% lower than what has been measured for this line in a GRB composite
spectrum (Christensen et al. 2011). However, the absorption lines observed are very weak so the
non-detection of fine-structure lines is consistent with their relative strength in the aforementioned
composite spectrum.

The lines observed are only in the UVB and VIS arms, neither emission nor absorption features
are observed in the NIR arm. Selsing et al. (2016) reported a first determination of the redshift
of GRB 160410A, based on the detection of FeII and AlII absorption lines, resulting in a value of
z = 1.717. In our analysis, we find additional features, not mentioned in the original GCN, of OI,
CII and SiII at the same redshift. Contrary to the claim in Cao et al. (2016), we detect neither the
CIV λ 1548, 1550 doublet in our spectrum, nor MgII λ 2976, 2803 doublet. The non-detection of
high-ionisation lines, commonly seen in other GRB sight-lines (Christensen et al. 2011), point to
a low ionisation environment. The MgII lines fall inside the telluric A-band and can therefore not
be recovered in our spectrum. Emission lines would fall as well in the NIR and are not detected,
which is not surprising given the high redshift, the non-detection of a host galaxy (see Sect. 3.3.3)
and the fact that the emission lines fall in regions with strong telluric features or high noise levels.

In Tab. 3.1 we list the detected features and their corresponding equivalent widths (EW). Line
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identifications and measurements were obtained using the tools in the GRBspec database (de
Ugarte Postigo et al. 2014a; Blažek et al. 2020). The different absorption lines are centred at
slightly different redshifts due to different velocity components (see Sect. 3.3.2) and we obtain a
non-weighted mean value of z = 1.7177± 0.0001, which matches the redshift of the strongest FeII

component.

Absorption line fitting

Table 3.1: Observed absorption-line list for the spectrum of GRB 160410A. Top: lines at the
redshift of the GRB. We include the 3σ limits derived for SiIV and CIV (see Sect. 3.3.2). Middle
and bottom parts: CIV absorbers detected at z = 1.581 and z = 1.444 respectively. The first
column shows the absorption line ID and its rest-frame wavelength. The second column lists the
corresponding centroid for the redshifted absorption line. The third column is the measured EW in
the rest frame, the fourth column is the total column density we derive using the VoigtFit fitting
code (Krogager 2018) for each transition.

Feature Observed wavelength EW log(N)
(Å) (Å) (cm−2)

Lyα 1215.670 3304 – 21.20 ± 0.20
OI 1302.170 3539.4000 0.32 ± 0.08 > 15.04
CII 1334.530 3626.9869 0.26 ± 0.08 > 14.77
SiII 1526.710 4149.5107 0.33 ± 0.06 14.25 ± 0.11
AlII 1670.790 4540.6191 0.29 ± 0.07 13.13 ± 0.21
FeII 1608.450 4371.3224 0.17 ± 0.04 14.32 ± 0.09
FeII 2344.210 6370.6764 0.35 ± 0.08 ...
FeII 2382.770 6475.4289 0.36 ± 0.06 ...
FeII 2374.460 6452.9438 0.19 ± 0.06 > 14.22
FeII 2586.650 7029.2700 0.35 ± 0.04 ...
FeII 2600.170 7066.1812 0.30 ± 0.05 ...

SiIV 1393.760 – < 0.36 > 13.60
SiIV 1402.770 – < 0.39 > 13.93
CIV 1548.200 – < 0.24 > 13.76
CIV 1550.770 – < 0.24 > 14.06

CIV 1548.200 3996.2713 0.57 ± 0.06 > 14.82
CIV 1550.770 4002.9657 0.52 ± 0.06 ...

CIV 1548.200 3784.1820 0.38 ± 0.07 > 14.91
CIV 1550.770 3790.4285 0.27 ± 0.07 ...
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We fitted Voigt profiles to the observed lines at the GRB redshift to obtain column densities,
including the broad Lyα absorption. The spectrum was normalised and as systemic redshift we
adopted the strongest velocity component of the FeII λ 2600 line as v = 0 km s−1. For the line
fitting we used the VoigtFit fitting code (Krogager 2018) that allows to define and tie parameters
for each component such as the b-parameter, the column density or the redshift. We find that, for
most of the detected transitions, the absorption can be fitted to two components while for AlII and
up to three FeII lines we find only one component. For FeII λ 1608, 2344, 2382 and SiII the line
profile is fitted well using two components and tying them for SiII to the ones of FeII. However, for
OI and CII, the first component is fitted to a broader b-parameter. For FeII λ 2374, 2586, 2600 and
AlII, only first component is well fitted. The non-detection of the second component for this FeII

transitions might imply that we are underestimating the amount of FeII in this lines. This could
be due to the low resolution of the spectrum or the low amount of FeII at this second component.
We therefore adopt the measured column density for FeII λ 2374, 2586, 2600 lines as limits and
choose the measures for FeII λ 1608, 2344, 2382 as values.

In Tab. 3.1 we present the total measured column density for each line. The OI and CII lines
are likely saturated hence we consider them as lower limits, something which could also explain
the different metallicity value obtained from these two lines. The fitting results are shown in
Tab. 3.2. We plot the lines in velocity space in the normalised spectrum in Fig. 3.4, centered at
the main component. The absorption lines show a small offset towards higher velocities in the
absorption lines detected in the VIS arm compared to the UVB arm (see Fig. 3.4). A similar shift
in wavelength has been reported in the past between the VIS and NIR arms of X-shooter and also
suggested for the UVB arm as a problem related to the wavelength calibration (see e.g. Selsing
et al. 2019; Gonneau et al. 2020).

In the spectrum of GRB 160410A, the broad Lyα absorption lies at the very blue end of the
X-shooter wavelength coverage, where the continuum is rather noisy (see Fig. 3.3). However,
we were able to determine the column density using VoigtFit and masking the blue wing from
−1000 km s−1. We obtain a total column density of log(N(HI)/cm2) = 21.2 ± 0.2, which is
consistent with Selsing et al. (2019) and puts the system in the category of DLAs. The column
density is also close to the median value that is found in long GRB spectra, i.e. log(N(HI)/cm2) =

21.59 (Tanvir et al. 2019).
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Figure 3.3: Voigt profile fitting of the Lyα absorption line. The top panel shows the residuals and
the 1σ error spectrum (dotted line). In the bottom panel we plot the spectrum smoothed with a
Gaussian kernel of 2σ in black and the original, non-smoothed, spectrum in grey. The red solid
line represents the best-fit Voigt profile. For clarity, we show in shaded red the corresponding
errors.

54



GRB 160410A: the first Chemical Study of the ISM of a sGRB

400 200 0 200 400

0.4

0.8

1.2

Comp. I Comp. II

OI 1302

400 200 0 200 400

0.5

1.0

1.5

CII 1334

400 200 0 200 400

0.4

0.8

1.2

SiII 1526

400 200 0 200 400

0.4

0.8

1.2

FeII 1608

400 200 0 200 400

0.4

0.8

1.2

AlII 1670

400 200 0 200 400
-0.8

0.0

0.8

1.6

FeII 2344

400 200 0 200 400

0.4

0.8

1.2

FeII 2374

400 200 0 200 400

0.0

0.6

1.2

1.8

FeII 2382

400 200 0 200 400

0.5

1.0

1.5

FeII 2586

400 200 0 200 400

Rel. Velocity (km s 1)
0.0

0.4

0.8

1.2

FeII 2600

No
rm

al
ise

d 
Fl

ux

Figure 3.4: Absorption features detected in the GRB 160410A afterglow emission as observed in the X-
shooter afterglow spectrum. Black lines correspond to the normalised spectrum in velocity space, centered
at the redshift of the GRB. We also plot the error spectrum for each line (blue dotted line) and in vertical
grey we mark the components listed in Tab. 3.2. The red solid line shows the Voigt best-fit profile for each
absorption feature.
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Metallicity

GRB 160410A is currently the only SGRB event where we are able to study the metallicity along
the sight-line in its host galaxy. The different ions of C, O, Si, Al and Fe give slightly different
metallicities. The values for C and O can only be considered as lower limits since the absorption
lines are likely saturated. The metallicity values derived from Si, Al and Fe are very similar and
consistent within errors (see Tab. 3.2). All the metallicity values are very low, even compared to
the uncorrected metallicities for dust-depletion for LGRB environments (see Fig. 3.6).

Dust depletion can affect the observed abundances when large fractions of refractory elements
are locked into dust grains. We performed a dust depletion correction on our observed metallicities
following the method developed by De Cia et al. (2013, 2016, 2018). In these studies, the correc-
tion was based on the [Zn/Fe] ratio but, since we did not detect Zn we used the observed SiII line to
derive [Zn/Fe]exp using the following relation from De Cia et al. (2018) with their corresponding
fitting parameters A1,Si and B1,Si as derived in De Cia et al. (2016).

[Zn/Fe]exp =
[S i/Fe] − A1,Si

B1,Si + 1

We found a ratio of [S i/Fe] = −0.08 ± 0.15 and, with A1,Si = 0.26 and B1,Si = −0.51, we got
that [Zn/Fe]exp = −0.69 ± 0.32 implying no depletion. However, De Cia et al. (2018, see their
Appendix A) state that A1,Si and B1,Si might not be very well constrained.

We performed the same analysis including only the component at v = 0 km s−1. Using values
for this first component (see Tab. 3.2) we got [S i/Fe] = −0.18 ± 0.18, resulting in [Zn/Fe]exp =

−0.90 ± 0.40. Furthermore, we derived δX , a parameter that indicates how much an observed
element is depleted by dust (De Cia et al. 2016), for both, the total absorption and only for the
component defined at v = 0 km s−1. In Fig. 3.5 we plot the dust depletion pattern compared to
the sequence expected for different amounts of depletion derived in De Cia et al. (2016). In both
cases, the values that we obtain would formally result in negative depletion and hence nonphysical
values. This indicates that there is no depletion in the system and, therefore, we adopt zero values
for the depletion, as shown in Fig. 3.5.

Our analysis results in a very low value of [Fe/H] = −2.3 ± 0.2 for the metallicity along the
sight-line. To put the value into the context of cosmic chemical evolution, we compared our re-
sults with those shown by De Cia et al. (2018), which are corrected for dust depletion following the
single-reference method (see Fig. 3.6). The metallicities in the QSO-DLA sample have been deter-
mined using the FeII absorption and are dust-corrected (De Cia et al. 2018). We note that De Cia
et al. (2018) relax the DLA condition to a slightly lower column density (log(N(HI)/cm2) ≥ 20.0,
De Cia et al. 2016, 2018) than the common definition of a DLA system (log(N(HI)/cm2) ≥ 20.3,
Wolfe et al. 2005), however, the number of QSOs outside the strict DLA definition is small. In
addition, we include DLAs in long GRB hosts from the literature, not corrected for dust-depletion
as QSO-DLA and GRB 160410A are and, therefore, not formally comparable. We clearly see
the existence of an observational bias on redshift that results from the realistic spectral cover-
age when obtaining GRB spectroscopy6. We note a small tendency of long GRB-DLAs towards

6As GRB afterglows fade within hours or days, spectroscopy is generally obtained with ground-based facilities, and
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Figure 3.5: Dust depletion pattern and metallicity for the measured column densities of the fea-
tures found in absorption in the afterglow of GRB 160410A. Top panel: Dust depletion sequence
for GRB 160410A. Squares (top panel) and circles (bottom panel) denote the Si and Fe lines
meanwhile triangles refer to the limits we derive for the saturated O line. With an small offset for
visualization purposes. Red squares denote the depletion δX values obtained for the common ve-
locity component to all the elements observed, blue squares are the depletion considering the total
column density measured. For comparison, we plot with a dash-dotted line in different colours
the dust depletion sequence obtained from the fitting of QSO-DLA absorption systems in De Cia
et al. (2016). Bottom panel: Corresponding metallicity for the observed ions considering all the
velocity components. The mean metallicity is shown with a dashed-dotted line.

higher metallicities (see e.g. Fynbo et al. 2008; Prochaska et al. 2007), which is consistent with
LGRBs tracing more enriched gas than QSO-DLAs as an effect of tracing gas in star-forming re-
gions. However, since LGRB-DLA metallicities are not dust-depletion corrected, the differences
between both samples might be somewhat larger. From the QSO-DLA sample, we clearly see
that GRB 160410A shows one of the lowest metallicity values for a DLA, together with a few
QSO-DLAs.

Line strength and host ionisation

de Ugarte Postigo et al. (2012) established a new parameter to compare the ISM of different GRBs
by determining the relative ratio between the EWs of different lines with the average EW of (long)
GRBs. We apply this method to the spectrum of GRB 160410A using the EW measurements listed

the atmospheric ultraviolet cutoff implies that Lyα is only measurable at z & 1.5 (Updike et al. 2008). Detection of
Lyα enabling lower redshift metallicity determinations would need an UV-capable space-based spectrograph such as
HST/COS or Swift/UVOT grism spectroscopy, with the latter needing an extremely bright afterglow such as in the case
of GRB 191221B (Kuin & Swift/UVOT Team 2019).
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Figure 3.6: Metallicity of GRB host galaxies and QSO-DLAs vs. redshift. Middle panel: Clear
grey empty squares mark QSO-DLAs from the sample published in De Cia et al. (2018). Red
filled circles show the metallicities for long GRB-DLAs and a red filled diamond marks sub-DLA
systems. Most of the data are from Thöne et al. (2013). We note that these values are not dust-
corrected. We add some more recent metallicity values from the literature (de Ugarte Postigo et al.
2018; Krühler et al. 2013; Friis et al. 2015; Heintz et al. 2018b, and J. Greiner, priv. comm.). The
values from de Ugarte Postigo et al. (2018) and Heintz et al. (2018b) are dust-corrected following
De Cia et al. (2016). The value from Friis et al. (2015) is dust-corrected following De Cia et al.
(2013). We also show the distribution of metallicities on the right and the distribution in redshift
on the top. Hatched histograms show QSO-DLAs, red filled values show the long GRB-DLA
sample. While QSO-DLA metallicities are based only on Fe and dust-corrected, the GRB-DLA
metallicities are based on several elements such as Sulfur, Silicon, Zinc, Iron and Oxygen and are,
generally, not dust-corrected. As GRB 160410A is a completely new class in itself, we do not
show it in the histograms.

in Tab. 3.1. We see that all EWs measured for GRB 160410A are lower than these of the long GRB
sample by more than 1σ. This, together with the large column density measured for the neutral
hydrogen, are indicative of low metallicity, which is consistent with the values we derive in sec.
3.3.2. We obtain a value for the Line Strength Parameter of LSP = −1.92 ± 1.07, implying that
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the features detected in GRB 160410A are only 0.7% as strong (or 99.3% weaker) as the average
strength of long GRB absorption lines.

Fig. 3.7 shows how all the spectral features that we measured are well below the lower 1-σ
region for the EW of the sample. This difference is even stronger in the case of high-ionisation
features. The CIV and SiIV limits that we derive are further away from the lower 1-σ EWs of the
sample than the CII and SiII lines. This is indicative of a low ionisation.

The low ionisation is clearly seen in Fig. 3.8, where we plot the line ratios CIV/CII and
SiIV/SiII of our sight-line, as compared to the sample of de Ugarte Postigo et al. (2012). In the
case of GRB 160410A, we use the 3-σ limits to the detection of CIV and SiIV. GRB 160410A is
located in the lower left area of the diagram, just outside the 1-σ region of the sample, amongst the
lowest ionisation sight-lines of the sample. The moderate S/N of our spectrum prevents us from
showing stronger limits to the high-ionisation lines.

Intervening systems

In the afterglow spectrum we detect two further systems in the line-of-sight as already mentioned
by Selsing et al. (2019), at redshifts z = 1.581 and z = 1.444. Both show the CIV λλ 1548, 1550
doublet, but no other features were detected due to the low S/N of the spectrum. We perform
a Voigt fitting to both CIV absorbers by defining a broad component at v = 0 km s−1 with a b-
parameter of b = 40 km s−1 for the doublet. The fitting results are plotted in Fig. 3.9, resulting in a
total column density of log(N/cm2) > 14.82 for the system at z = 1.581 and log(N/cm2) > 14.91
for the one at z = 1.444. Both values can only be considered as an upper limit since the feature
is clearly saturated in both cases. We tentatively detect two possible absorption features at the
corresponding wavelength for CIV at z = 1.663, however, we cannot securely confirm these lines.

3.3.3 A hostless burst?

We do not find any source at the GRB 160410A position in our late GTC/OSIRIS image (right
panel of Fig. 3.2, Fong et al. 2022 also do not detect the host in other filters to shallower limits).
We obtain a limiting magnitude of r′ > 27.17 mag (AB, corrected for Galactic extinction), which
corresponds to an absolute magnitude limit of Mr′ > −18.44 mag. None of the nearby sources in
the field are likely to be the possible host of GRB 160410A. The closest object is at a projected
distance of r ∼ 4.9” from the GRB position which translates to a distance7 of ∼ 42 kiloparsecs.
The host galaxy is also not detected at 3.6 µm in our deep Spitzer/IRAC observations. Following
the methods of Perley et al. (2016a,b), combined with the significantly deeper optical upper limit,
this yields an upper limit on the stellar mass of M∗ . 1.14 × 109 M�.

Given our upper limit on the host stellar mass we compare our results to the mass-metallicity
relation (MZR) following the equations presented in Ma et al. (2016). The low Fe-based (see Sect.
3.3.2) metallicity value would imply a stellar mass of log(M∗/M�) = 6.18 ± 0.52. This value
indicates a low stellar mass for the host galaxy of GRB 160401A. This together with the deep

7We made use of the astropy packages SkyCoord and Cosmology.
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Figure 3.7: Equivalent width diagrams for the GRB 130603B (de Ugarte Postigo et al. 2014b),
GRB 160410A and GRB 201221D afterglow spectra and GRB 201221D spectrum following the
process described in de Ugarte Postigo et al. (2012). Red dots denote the corresponding EW for
the absorption lines detected, whereas the red triangles show an inferred upper limit. The black
solid line marks the average of the sample used in de Ugarte Postigo et al. (2012) and the upper
and lower dotted lines show the standard deviation. Grey areas represent no detection of the
corresponding spectral features is possible.

limits in r-band and 3.6 µm (see Sect. 3.2.4) is telling us that the host galaxy for GRB 160410A
must be very faint

We compare our host galaxy limit to other, securely associated, long and short GRB hosts from
the literature. For short GRBs, we use the sample from Leibler & Berger (2010) and O’Connor
et al. (2022), for long GRB hosts we use the SHOALS sample (Perley et al. 2016a, D. A. Perley,
S. Schulze, priv. comm.). We selected only those GRB hosts with detections or upper limits in the

61



GRB 160410A: the first Chemical Study of the ISM of a sGRB

Figure 3.8: High-/low-ionisation C and Si line EW ratio comparison for GRB 160410A (in blue)
compared with the sample of and using the method presented in de Ugarte Postigo et al. (2012).
The red filled dots mark the ratio for detections in the afterglow spectroscopy of long GRBs, empty
dots with arrows show upper limits in one or both ratios. The red dash-dotted lines represent the
average values of the sample, the ellipse marks the 1σ region.

r′ and RC bands. In Fig. 3.10 we see that, for short GRBs, the associated hosts have a broad dis-
tribution in brightness. Note, however, that only three SGRBs have a spectroscopically confirmed
redshift from absorption lines in their GRB afterglow, whereas the rest get their redshifts from
the associated host galaxies. At the same time, SGRBs at redshifts beyond z ∼ 1 are very sparse,
hence we have to be aware of possible biases here, as had been found for LGRB hosts before the
presentation of unbiased samples (see e.g. Perley et al. 2016a,b). However, we can conclude that
any host of GRB 160410A would be at the faint end of the distribution, even compared to long
GRB hosts.

The photometric observations alone, without spectroscopic confirmation of the redshift, could
have led us to think that GRB 160410A belonged to the class of hostless SGRBs. However, the
presence of a DLA as well as the metallic absorption features are indicative of the burst being
hosted by a galaxy.

3.3.4 GRB 160410A afterglow light curve and its spectral energy distribution.

The light curve of the optical afterglow is described by a smoothly double-broken power-law,
which yields a steep/shallow/steep decay with decay indices αsteep, αplateau, and αlate, respectively,
as well as two break times tb,1, tb,2. We find αsteep = 1.11 ± 0.17, αplateau = 0.19 ± 0.04, tb,1 =

0.0052 ± 0.0030 d (446 ± 256 s); and αlate = 1.86 ± 0.18, tb,2 = 0.162 ± 0.030 d. The break
sharpness was fixed to sharp values (n = −10, 10 respectively), and the host galaxy was neglected,
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Figure 3.9: Absorption features detected along the line-of-sight towards GRB 160410A for the
two intervening systems. Top: CIV (λλ 1550Å) line at z = 1.581. Bottom: Absorption line cor-
responding to CIV (λλ 1550Å) at z = 1.444. See the caption of Fig. 3.4 concerning the colour
coding. The vertical dotted grey line is the fitted broad component at v = 0 km s−1. We see that
the minimum of the Voigt best-fit profile, in both cases, is clearly shifted to the left due to the lines
being saturated.

as we find no evidence for any host down to very deep limits (Sect. 3.3.3). We show the optical
afterglow of GRB 160410A in Fig. 3.11, including the best-fit triple power-law.

We use the fit to construct the Spectral Energy Distribution (SED), which stretches from uvw1
to z′. We fit the SED with both a simple power-law (no dust) and dust models for Milky Way
(MW), Large (LMC), and Small Magellanic Cloud (SMC) dust (Pei 1992). Therefore, we exclude
the uvw1 and u bands as these lie blueward and within Lyα respectively. The SED and the fits are
shown in Fig. 3.12.

For no extinction, we find β = 0.46 ± 0.25, and a fit with χ2/d.o.f. = 0.19. For the three dust
models, we find: MW dust: β = 0.30± 0.35, AV = 0.14± 0.22 mag; LMC dust: β = −0.18± 1.21,
AV = 0.34 ± 0.63 mag; and SMC dust: β = 2.55 ± 2.81, AV = −0.74 ± 0.99 mag. All these fits
are show over-fitting (χ2/d.o.f. from 0.06 to 0.16). However, the SMC fit is clearly unphysical
(yielding negative extinction, i.e. emissive dust), and the negative intrinsic spectral slope for LMC
dust is also not expected for GRB afterglows. Only the MW fit yields a sensible result, however,
dust extinction is 0 within errors, so we find no evidence for dust and hence continue to work with
the no-extinction fit. The no-extinction model is also the one showing the least overfitting.

To compare this high-redshift SGRB afterglow with other SGRBs, we take SGRBs with red-
shifts and well-detected afterglows (as well as the deep upper limits of GRB 050509B) from the
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Figure 3.10: Long GRB host magnitudes in the r′ and RC bands from the SHOALS sample (D. A.
Perley, S. Schulze, priv. comm.). For SGRB hosts, we take r′ and R magnitudes from Leibler &
Berger (2010) and O’Connor et al. (2022) when available. The sample is the same one utilized in
the “Amati” relation (see Sect. 3.5.1). Note that we are using a fixed (observer-frame) band-pass
filter despite a wide redshift distribution, hence the actual rest-frame band would be blue-shifted
by (1 + z). For clarity, we plot r′ and RC with the same colour. On top and left-most we show
the distribution in redshift and absolute magnitude, respectively, for each sample. In blue, we
show the SGRB hosts, in clear green the SGRB with EE hosts and in clear red, the distribution for
long GRB hosts. The GRB 160410A upper limit is plotted with a black arrow and GRB 201221D,
with a magenta star. All the absolute magnitudes are corrected for Galactic extinction (Schlafly &
Finkbeiner 2011).

sample of Kann et al. (2011) (there called “Type I GRBs”), and provide additional analysis for
four further SGRBs (one with an unsure classification) in section A.1. We show the observed (cor-
rected for Galactic foreground extinction and, if needed, host-galaxy contribution) light curves in
the section, in Fig. A.1.

GRB 160410A lies at a higher redshift than any of these events except for GRB 181123B,
which lies at a slightly higher redshift. Knowing the redshift and SED, we use the method of Kann
et al. (2006) to shift all afterglows to a common redshift of z = 1, corrected for dust extinction (see
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Figure 3.11: Light curve of the GRB 160410A afterglow. For reasons of clarity, upper limits are
omitted. Early IC data are from Trotter et al. (2016), the RC data point at 0.31 d is from Wang et al.
(2016), the rest from this work. Data are in the AB magnitude system and corrected for Galactic
foreground extinction. The red line show the modelled light curve for the CR/r′/RC-band. A clear
steep-shallow-steep transition is visible.

Fig. 3.13). The afterglow of GRB 180418A is the brightest SGRB afterglow at very early times,
but not far above that of GRB 160410A. During the plateau phase, the afterglow of GRB 160410A
has a similar luminosity as that of the extremely intense GRB 090510. At later times, the very
extended plateau of the GRB 150424A afterglow makes it brighter than GRB 160410A at the same
time. Due to their (relatively) high redshifts and brightness at early times the nature of GRBs
160410A and 180418A have been heavily discussed (see also Sect. 4.5). However, at 12 h post
burst, both afterglows still lie among the faintest LGRB afterglows, which is further evidence that
these are likely true SGRBs.

3.4 Further analysis of the short/long nature of GRB 160410A

Further to the analysis of the Amati relation and the hardness ratio presented below in Sect. 3.5.1,
we here detail an extended study of the short/long GRB nature of GRB 160410A.

Zhang et al. (2009) introduced the “Type I” and “Type II” classification scheme, indepen-
dent of the classic T90 division, which was originally motivated by the temporally long, peculiar
GRB 060614 (Gehrels et al. 2006; Zhang 2006). Type II GRBs are those associated with the core-
collapse of massive stars (so usually long and soft), whereas Type I GRBs are those that are not
- usually short and hard GRBs, which are at least in part associated with the merger of compact
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Figure 3.12: Spectral Energy Distribution of the afterglow of GRB 160410A. Flux densities are
determined at break time, 0.162 d. Horizontal error bars represent filter widths, these errors were
not included in the fits. We show fits with no extinction (straight black line), Milky-Way dust (red
dashed line), Large-Magellanic-Cloud dust (green dotted line), and Small-Magellanic-Cloud dust
(blue dash-dotted line). The SMC fit is clearly unphysical, and the results of the LMC fit also
show it is not realistic, see Sect. 3.3.4. The MW is possible, but a fit with no extinction is the
preferred model. The u and uvw1 data points were excluded from the fit as they are affected by
Lyα and Lyman forest/limit absorption. The Lyα wavelength at the redshift of the GRB is marked
by a vertical dotted line, with the adjacent dotted gray lines marking the FWHM of the Lyα line.
A dash-dotted vertical line marks the Lyman cutoff.

objects, specifically inspiralling binary neutron stars (e.g. Abbott et al. 2017a,b).
We follow figure 8 of Zhang et al. (2009) to derive a classification for GRB 160410A in the

Type I/II scheme . The GRB has (as measured by Swift) a T90 > 2 s, and also a T90/(1 + z) > 2s.
However, it shows a short “Initial Pulse Complex” followed by an “Extended Emission” bump,
which is an often-seen feature of Type I GRBs (Norris & Bonnell 2006). In Fig. 3.14 we show the
Swift/BAT light curve obtained by the analysis of the Swift/BAT Gamma-Ray Burst Catalogue8.

There is no information on any supernova (SN) contribution as the redshift is too high, nor are
we aware of any late-time follow-up. Similarly, there is little information on the host galaxy as it
is not detected even in our very deep late-time follow-up. Further decisions in the decision tree
also cannot be answered with certainty, until the last step.

The bolometric isotropic energy release for this GRB is log Eγ/erg = 53.1, certainly not a low
value, strictly leading to an “unknown” classification. However, we note the extremely energetic

8http://swift.gsfc.nasa.gov/results/batgrbcat
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Figure 3.13: Afterglow of GRB 160410A (thick blue line) in the context of a large sample of
GRB afterglows. Thin grey lines are afterglows of long GRBs. Thicker red lines are a selection
of afterglows of other SGRBs. GRB 180418A (green line) has an insecure classification. The
afterglows are given in the z = 1 system, see text for more details.

GRB 090510 which has a similar isotropic energy release9 is also categorised as a short GRB (Ack-
ermann et al. 2010; Kann et al. 2011). Therefore, using this scheme, we classify GRB 160410A
as a Type I candidate.

Lü et al. (2010) devise a new parameter ε(κ) ≡ Eγ,iso,52/Eκ
p,z,2 with Eγ,iso,52 being the bolomet-

ric isotropic energy release in units of 1052 erg, and Eκ
p,z,2 being the intrinsic peak energy in units

of 102 keV. They find κ = 5/3 in their study. A study of GRBs with known parameters reveals four
regions separated by low/high T90,z and low/high κ, the delineations being ε = 0.03 (log ε = −1.52)
and T90,z = 5s (log T90,z = 0.26). For the parameters given by Konus-Wind (Tsvetkova et al. 2017)
we derive Ep,z = 3853+1429

−973 keV and Eγ,iso,52 = 13.21+0.50
−0.68. It is T90,z = 3.02±0.59 s for Swift (with

extended emission) and T90,z = 0.58 ± 0.045 s for Konus-Wind (only the initial pulse complex is
detected). Using these values, we derive log ε = −1.71, which places it into the sector of Type

9Tsutsui et al. (2013) argue the bolometric energy release for GRB 090510 should be measured in the 1 keV − 100
MeV energy frame, resulting from the extremely high peak energy. In this frame, Eiso,bol is five times higher than in the
usual frame and exceeds that of GRB 160410A.
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Figure 3.14: BAT mask-weighted lightcurve in the 15 to 350 keV range of GRB 160410A with
64 ms binning. The blue area marks a multi-peaked structure during the first two seconds. The
dash-dotted line marks the end of the T90 duration from Sakamoto et al. (2016) in the same energy
band.

I GRBs, though in the bottom left quadrant of Fig. 1 in Lü et al. (2010) and, within that sector,
in the top right corner, close to the bulk of the Type I GRBs with EE. Only for the combination
of lowest peak energy and highest isotropic energy release would it fall slightly into the sector of
intrinsically short Type II GRBs.

Lü et al. (2014) discuss the “amplitude parameter” f which they define as the ratio between
the 1 s peak count rate and the background count rate over the same time span. They simulate
what f value will be derived for long GRBs when adding noise to the point that the T90 < 2 s, a
value they designate as feff. They find feff values for such noised long GRBs have a mean value
f eff = 1.24, whereas f & 2 for Type I GRBs. For GRB 160410A, f = 2.13 is derived, with feff

being essentially the same value as the extended emission is very faint (H.-J. Lü, priv. comm.).
This indicates GRB 160410A is a true Type I GRB, but the evidence is marginal.

Li et al. (2020) create a method to use multiwavelength data to determine the probability
whether a GRB is of Type I or Type II. This uses both prompt emission data as well as environ-
ment/host galaxy data (metallicity, offset, stellar mass). Their data collection is based on Li et al.
(2016) which does not include GRB 160410A. We used their webpage10 to input all known param-
eters of GRB 160410A (the mean values as determined by Li et al. 2020 are used where we do not
have information, such as on the host offset). Using all prompt-emission parameters and the upper
limit on the host mass (see Sect. 3.3.3), we derive a 97% probability that this is a Type I GRB.
However, if the extremely low metallicity is added, the probability switches completely, being

10http://www.physics.unlv.edu/˜liye/GRB/grb_cls.html
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vanishingly small for a Type I GRB. Considering all the other results in this section, this mainly
points to the host environment of GRB 160410A being extreme within the known parameter range
of Type I GRB host galaxies (likely coupled to the high redshift), in a way that is unaccounted for
in the classifier.

From an analysis of large samples of long and short GRBs, Shahmoradi & Nemiroff (2015)
deduce the statistically most significant indicator of classification is Ep/T90[keV,s−1] (observer-
frame values), with 99% of long GRBs having values . 50 and 95% of short GRBs having values
& 50. For GRB 160410A, we find Ep/T90 = 173 for the Swift-BAT T90 value, and Ep/T90 = 893
for the Konus-Wind duration, favoring that this is a short GRB.

Jespersen et al. (2020) present a method to classify GRBs based on prompt emission charac-
teristics alone. They find that GRB 160410A is a long GRB. In their result table, they list the T90

duration to be 96 s, significantly in excess of the value of 8.2 s (Sakamoto et al. 2016). (We note
that the Swift automatic BAT analysis page for this GRB11 even gives a value of ∼ 320 s.) Swift
entered the South Atlantic anomaly after several hundred seconds, which may influence the analy-
sis and the significance of the Extended Emission. This, then, may also influence the classification
of Jespersen et al. (2020) (C. K. Jespersen, priv. comm.).

3.4.1 The GRB 201221D spectra

This is the only SGRB since GRB 160410A for which we were able to detect absorption lines
in the spectrum, albeit with a low S/N. The GRB afterglow is detected in the acquisition image
with a magnitude of r′ = 23.95 ± 0.20 mag, calibrated using five Pan-STARRS field stars and not
corrected for Galactic extinction (Schlafly & Finkbeiner 2011). In the GRB 201221D spectrum,
we find up to four absorption lines that we interpret as due to the MgII doublet and to FeII lines.
In addition, we also observe [OII]λ3727 in emission from the host. The emission falls within a
telluric band and its detection tells us that the emission must therefore be rather strong (see de
Ugarte Postigo et al. 2020). All the features are at a redshift of z = 1.0450 ± 0.0008, making
GRB 201221D another high-redshift SGRB and, in this case, with a clearly star-forming host
galaxy. The spectrum is shown in Fig. 3.15.

We measure EWs in the spectrum using the GRBspec database and compare it to the sample
of long GRBs (de Ugarte Postigo et al. 2012) in Fig. 3.7. In this case, the strength of the ab-
sorption features is consistent with the average for long GRBs (LSP = 0.04 ± 0.05) in contrast to
GRB 160410A where the lines were much weaker. Due to the wavelength coverage, we cannot
detect the high ionisation absorption lines of SiIV and CIV and hence cannot come to a conclusion
on the ionisation of the ISM. In any case, the r’-band value measured for the GRB afterglow is
consistent within errors with the one for the host galaxy (see Tab.3.3) and therefore, continuum
contamination from the host galaxy is present in our spectrum. Thus, the EW/LSP measures might
be contaminated and are not fully comparable to GRB 160410A and GRB 130603B.

11https://gcn.gsfc.nasa.gov/notices_s/682269/BA/
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Figure 3.15: GTC/OSIRIS spectrum of the afterglow emission of GRB 201221D. For plotting
reasons, we smooth the spectrum by applying a Gaussian kernel of 1σ to the data. The colour
coding is the same one as used in Fig. 3.1. We add the non-smoothed spectrum (grey) in the
background.

Table 3.3: Photometry of the GRB 201221D host galaxy. Data are given in AB magnitudes and
are corrected for Galactic foreground extinction (Schlafly & Finkbeiner 2011).

Time after burst Magnitude Exposure Time Band Instrument
(days) (AB) (s)

19.349 23.80 ± 0.12 120 g′ LBC

19.349 23.83 ± 0.15 120 r′ LBC

19.349 23.44 ± 0.18 120 i′ LBC

19.349 23.11 ± 0.25 120 z′ LBC

13.879 22.40 ± 0.17 60 J LUCIFER

13.895 22.15 ± 0.20 60 KS LUCIFER

3.4.2 The host of GRB 201221D

In contrast to GRB 160410A we do find a faint host candidate for GRB 201221D at the same
position as the GRB. The photometry of the host candidate is shown in Tab. 3.3 for all the bands
observed with the LBT telescope.

We analyse the Spectral Energy Distribution (SED) of the host galaxy with the available pho-
tometry using CIGALE12 (Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019) in its most
recent version. We apply a delayed star-formation history with an age for the main stellar popu-
lation varying freely from 1.0 Gyr to 13 Gyr and a more recent burst whose age varies from 20
Myr to 1 Gyr. The Initial Mass Function (IMF) we use is described in Chabrier (2003) with a
Bruzual & Charlot (2003) stellar population model, assuming a metallicity (Z) of 0.008, 0.02 or
0.05 (where Z = 0.02 is Solar metallicity Bruzual & Charlot 2003).

The dust attenuation is modeled with the modified attenuation law described in Calzetti et al.
(2000) as implemented in CIGALE (see Sect. 3.4.2 in Boquien et al. 2019). We consider a Milky

12https://cigale.lam.fr/
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Way (MW) (Cardelli et al. 1989) extinction model with a RV = 3.1 and a colour excess in the
nebular lines starting in 0.1 and then, varying in steps of 0.05 between 0.05 and 1.0. We also
considered a Small Magellanic Cloud (SMC) and a Large Magellanic Cloud (LMC) (Pei 1992)
extinction model but in both cases, the model was unsatisfactory compared to the one performed
considering a MW model. We also allow the attenuation curve slope to vary from −0.4 to 0.4,
changing it in steps of 0.2 (see Eq. 8 in Boquien et al. 2019). For the re-emitted energy from dust
heated by stellar photons, we use the models from Dale et al. (2014) and let αIR, the exponent of
the radiation field intensity distribution (Dale & Helou 2002), vary between 1.0, 2.0 or 3.0.

We find a best fit to the SED using a model galaxy spectrum with an intermediate mass and a
moderate star-formation rate (SFR), as well as a low specific star-formation rate (sSFR). However,
our modelling shows some degree of over-fitting, which might be due to the low number of data
points. The results for the SED modeling are listed in Tab. 3.4 and a figure of the best model can
be seen in Appendix A.3.

Table 3.4: Properties of the putative host galaxy of GRB 201221D.

Property Value

AV (mag) 0.56 ± 0.34
Z 0.02

log10(M)(M�) 9.79+0.13
−0.19

log10(S FR) (M�/yr) 0.81+0.19
−0.33

sS FR (Gyr−1) 1.06 ± 0.67
Reduced χ2 0.45

3.5 Discussion

3.5.1 On the short/long nature of GRB 160410A

Ever since the discovery of a bimodal distribution of GRB prompt emission light curves both in
the temporal range (Mazets et al. 1981) as well as the spectral hardness (Kouveliotou et al. 1993),
methods to discern between “long/soft” and “short/hard” GRBs have been extensively discussed
in the literature (see e.g. Lü et al. 2010, 2014; Tsutsui et al. 2013; Shahmoradi & Nemiroff 2015;
Zhang et al. 2016, 2018; Li et al. 2016, 2020; Jespersen et al. 2020, for some works on this topic).
Here we will study GRB 160410A with several classification methods to derive clues on its nature.

Tsutsui et al. (2013) first found significant statistical evidence for an “Amati” relation between
the isotropic energy release Eiso and the rest-frame peak energy of the prompt emission spectrum
Epeak, rest, long known for long GRBs (Amati et al. 2002; Amati 2006), for SGRBs parallel to
that of long GRBs but offset by a factor of ∼ 100. Using a significantly increased sample, Mi-
naev & Pozanenko (2020, 2021, henceforth MP20) confirm this result, and GRB 160410A fits
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with the Amati relation for SGRBs (Fig. 3.17)13. Furthermore, MP20 introduce two classifiers,
EH and EHD (Energy-Hardness and Energy-Hardness-Duration, respectively). They find that
GRB 160410A is in full agreement with the high values found for other short GRBs.

To confirm the results of MP20, we gathered GRB energetics, mostly from Tsvetkova et al.
(2017, 2021) and compute the isotropic energy14. The final sample is shown in Fig. 3.17 and we
perform a simple fitting to the two GRB classes following Eq. 3.1 as presented in MP20.

log
( Epeak

100 keV

)
= a · log

( Eiso

1051 erg

)
+ b (3.1)

For SGRBs we found a slope of ashort = 0.30 and bshort = 0.78 with a standard deviation
of σshort = 0.05 and R2 = 0.50, for long GRBs the slope is along = 0.33, blong = −0.01 with a
σlong = 0.02 and R2 = 0.52. We do not perform a more extended fitting as it is done in MP20
since it is not the aim of the present paper.

Another classification distinction is the hardness ratio (HR), which is the ratio of the fluence in
the 50–100 keV band over the 25–50 keV band. Dichiara et al. (2021) obtained a HR = 2.3±0.5 for
the main spike and claim GRB 160410A is a short GRB with extended emission. GRB 160410A
can be classified as a long GRB (see Fig. 3.16), if we only consider the T90 as the classification
criterion. However, if we consider the initial peak complex and GRB 160410A as a short GRB
with EE, as in Dichiara et al. (2021), we see that it matches with the short GRB scheme.

Kann et al. (2011) compare the afterglows of SGRBs to a large sample of those of long GRBs.
They find MB = −23.14± 0.17 mag (FWHM 1.61 mag) for long GRB afterglows at one day in the
z = 1 frame, and MB = −17.34 ± 0.50 mag (FWHM 1.65 mag) for the short GRB afterglows at
the same time. For GRB 160410A, we derive MB = −19.04 mag from our fit to the late-time light
curve. This places the absolute magnitude of the afterglow at the upper edge of the FWHM of the
SGRB afterglow absolute magnitude distribution, but 2.5 mag below that of long GRB afterglows,
making it more likely that GRB 160410A is a short GRB.

Further classifiers in the context of GRB 160410A can be found in Sect. 3.4. With a few
exceptions, these find that GRB 160410A is a genuine SGRB, or at least more likely to be one
than a long GRB. We therefore conclude that GRB 160410A has evidence showing it to be a
member of the SGRB population.

The other SGRB studied here, GRB 201221D, actually matches very well the location for long
GRBs in the Amati relation (see Fig. 3.17). However, it shortness and hardness (see Sect. 3.2.5
and Fig. 3.16) put this GRB clearly within the SGRB category.

3.5.2 The GRB 160410A environment in the context of long GRBs and short
GRBs

The sample of short GRBs with detected absorption lines in its spectrum is still very small:
GRB 130603B (de Ugarte Postigo et al. 2014b), GRB 160410A, and GRB 201221D (both in this

13Note the Amati relation is also a powerful tool for the opposite case, such as the recently reported GRB 200826A
(Rossi et al. 2022; Ahumada et al. 2021; Zhang et al. 2021), which was temporally short but fully in agreement with
the long-GRB Amati relation and was shown to be accompanied by a supernova.

14https://github.com/steveschulze/GRB_Eiso.git
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Figure 3.16: Hardness Ratio (HR) vs. duration T90 using data from Lien et al. (2016). Based
on the work from Kouveliotou et al. (1993), we show SGRBs in blue and long GRBs in red.
The hardness ratio of GRB 201221D is marked with a blue stars as derived from the Swift/BAT
data products (https://gcn.gsfc.nasa.gov/notices_s/682269/BA/). For GRB 160410A
we plot the HR derived in Dichiara et al. (2021) with the T90 from Swift/BAT on top right and T90

derived for the initial peak complex from Konus-Wind data (Minaev & Pozanenko 2020) on top
left.

study). GRB 160410A is the only one that allows a chemical study of the gas in the host to be
performed, as it has been commonly done for long GRBs (see e.g. de Ugarte Postigo et al. 2018;
Krühler et al. 2013; Heintz et al. 2018b). The spectrum shows features common to long GRBs
such as FeII, AlII or SiII; however, it does not show any high ionisation lines of SiIV nor CIV,
which are usually detected in long GRB environments (see e.g. Vreeswijk et al. 2004; Christensen
et al. 2011; de Ugarte Postigo et al. 2012; Heintz et al. 2018b). Cao et al. (2016) report the detec-
tion of CIV lines in their afterglow spectrum together with the MgII λλ2796,2803 doublet, which,
however, happens to fall within the telluric A-band.

Despite the scarcity of currently available SGRB afterglow spectra, it seems that SGRB sight-
lines show a large diversity, as it is the case for their host galaxies. The spectra of all three SGRBs
with absorption line spectra cover the MgII and the FeII lines as common features. GRB 201221D
and GRB 130603B show the MgII λ2796, 2803 doublet, while the FeII lines are only present
in GRB 201221D. In GRB 160410A we do not observe CaII or NaI detected in GRB 130603B.
However, we detect a large number of additional absorption lines that were out of the observable
range in the other two SGRBs due to their lower redshift. There is also a tentative detection of
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Figure 3.17: Modified version of the Amati relation. We highlight the positions of GRB 160410A
and GRB 201221D with blue stars, as derived from the Konus-Wind published data, see Sect. 3.5.1.
SGRBs are plotted in blue, long GRBs in red. In the corresponding colours, the best linear fits are
plotted together with a shaded area around them marking the 1σ region for each fit. Here we do
not distinguish between SGRBs and SGRBs with extended emission.

NiII but the significance is very low.
GRB 130603B happened in a spiral galaxy in what appears to be a tidally disrupted arm (de

Ugarte Postigo et al. 2014b). In the spectrum of GRB 201221D we detect [OII]λ3727 emission
lines, implying the presence of an underlying star-forming host galaxy. Furthermore, both we and
multiple other observing teams (Dichiara et al. 2020; Kilpatrick et al. 2020; Rastinejad et al. 2020;
Dimple et al. 2020) report the detection of a faint extended source at the afterglow position. The
host of GRB 201221D (see Sect. 3.4.2) is a massive galaxy consistent with the common value
found in prior works on SGRB hosts (see e.g. Leibler & Berger 2010). The star-formation rate is
also in agreement with the values found for SGRB hosts (Berger 2009).

For GRB 160410A, however, we found no host galaxy down to very deep limits (see Sect. 3.3.3)
and we find no hint of emission lines in the NIR. In contrast, the detection of the broad Lyα ab-
sorption line and the large column density tell us that the GRB happened within or behind a DLA,
which are usually associated with a galaxy (see e.g. Wolfe et al. 2005; Christensen et al. 2014).
This implies that there must be an underlying galaxy for GRB 160410A but it might be very faint.
It is also possible that the progenitor system of GRB 160410A has been kicked out from its host
and merged outside the host or in the halo. The fact that we detect a DLA in the sight-line im-
plies that the GRB still has to be well within the Hi halo of the galaxy. Given the high redshift
of the system and typical kick velocities, a binary NS-NS system could move tens of kiloparsecs
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away from the host galaxy beyond the extension of hydrogen of the galaxy (Mandhai et al. 2022).
The distance in projection to the closest observable galaxy in the GRB 160410A field is ∼ 42 kpc
(under the assumption this galaxy is at the redshift of GRB 160410A), making it very unlikely to
be the host of the GRB while observing such a large neutral hydrogen column density and many
other absorption lines.

In prior works, the detection of the highly ionized CIV and SiIV absorption lines has been
assumed to originate in the hot gas of the galactic halo of DLAs (see e.g. Ledoux et al. 1998;
Wolfe & Prochaska 2000; Maller et al. 2003; Fox et al. 2008; Heintz et al. 2018b). The detection
of a DLA system and the non-detection of these lines in the GRB 160410A afterglow spectrum
would hence not favour this GRB to be in the halo or it would imply that the host has no hot gas
halo.

Our analysis shows that the environment of GRB 160410A is very different from the ones mea-
sured in the case of long GRB hosts. The probed material has a very low ionisation and very weak
lines in general (see Sect. 3.3.2). In contrast, GRB 201221D (see Sect. 3.4.1) and GRB 130603B
show LSPs of 0.04 ± 0.05 and 0.20 ± 0.13, respectively, very close to the average value for long
GRB sight-lines (de Ugarte Postigo et al. 2012). A high LSP value typically points toward an envi-
ronment highly ionised due to star-formation and, conversely, a low value pinpoints the opposite.
For long GRBs, the LSPs are usually high since these are commonly associated with star-forming
environments. The SGRBs 130603B and 201221D occurred within their hosts galaxies; how-
ever, for GRB 160410A, no underlying galaxy was detected. We see in Fig. 3.7 that, whereas for
GRBs 130603B and 201221D the EW profiles follow the average one of long GRBs. However,
we note that for GRB 201221D, EW values might be contaminated by the host continuum (see
Sect. 3.4.1) and, therefore, the LSP. GRB 160410A is completely different compared to either
long GRBs or to the other two SGRBs with detected features in their afterglows. With a signif-
icantly lower value for the LSP and the non-detection of an underlying galaxy, GRB 160410A
seems to have happened in a environment that is not actively forming stars.

Furthermore, the measured [Si/Fe] ratio between an α-element such Si, that is produced in
core-collapse SNe, and the detection of Fe, mostly produced in Type Ia SNe, might be indicating
that there is no α-enhancement and therefore the absence of recent star formation in the host
galaxy, which is consistent with the non detection of the galaxy, the low ionisation and the low
metallicity of the traced gas (see e.g. Wiersma et al. (2009); Vargas et al. (2013)).

In line with those observations, the metallicity of the material observed along the sight-line is
very low (Sect. 3.3.2), comparable to the lowest values for QSO absorbers (see e.g. De Cia et al.
(2018) and Fig. 3.6). Compared to galaxies in the local Universe, the metallicity is higher but
inline with values obtained for e.g. Tucana II, an UFD galaxy with a metallicity of [Fe/H]∼ −3.0
(Ji et al. 2016b). Note, however, that this metallicity was determined from four stars, neither the
ISM nor the CGM. This would further support the idea of an underlying very faint host galaxy for
GRB 160410A, however, the average metallicity of galaxies at z ∼ 1.7 is also lower than in the
local Universe.

The fact that we have a low metallicity environment and possibly a very faint host galaxy con-
tradicts general expectations for the environment of short GRBs. If the absorption lines are weak
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because we have an evolved galaxy with an old population that has exhausted most of the gas, we
would expect a high metallicity. However, if the progenitor BNS had been kicked out from its host
we should expect a low metallicity. Also Zhang et al. (2009) assume in their classification scheme
of short vs. long GRBs that SGRB hosts have a high metallicity (see also Li et al. 2020). The only
two other GRBs with absorption line spectroscopy and hence secure host galaxy associations do
seem to be different from GRB 160410A, showing much stronger lines and luminous hosts.

The question is whether SGRBs with EE might have somewhat different progenitors and in
consequence different hosts or environments. The list of SGRBs with EE is rather short (see
e.g. Lien et al. 2016) and only a few of them have an associated host galaxy. Minaev & Poza-
nenko (2020) list eleven events as SGRBs with EE (GRBs 050709, 050724, 060614, 061006,
061210, 070714B, 071227, 080123, 110402A, 150424A and 160410A). We compare the derived
host properties from the GRB afterglow spectrum of GRB 160410A as well as from the field ob-
servation with Spitzer/IRAC with SGRBs with EE and an associated host galaxy (see Fig.3.10).
There is no difference in the distribution of absolute magnitudes between the hosts of normal
SGRBs and those with EE, the slight shift towards lower redshifts might be an observational issue
since higher redshifts make the detection of the lower luminosity EE more challenging. Taking
the stellar masses obtained by SED modeling from Nugent et al. (2020) for those seven SGRB
showing EE (GRBs 050709, 050724, 061006, 061210, 070714B, 071227 and 080123, Minaev
& Pozanenko 2020), we see that their masses are typically larger than the upper limit we obtain
from the Spitzer observations (see Sect. 3.3.3), although a few have stellar masses lower than
our limit for the host of GRB 160410A. A more recent and complete study on one SGRB with
EE, GRB 050709, shows a low-luminosity host, a subsolar metallicity and a low SFR (Nicuesa
Guelbenzu et al. 2021), which would be all in line with what we see for GRB 160410A. A more
recent case is GRB 181123B, a SGRB with EE and an associated star-forming and massive host
at z = 1.754 (see Paterson et al. 2020; Dichiara et al. 2021). Its association with the galaxy is still
under debate (Rowlinson et al. 2021). However, in Rastinejad et al. (2022), the properties of the
associated host galaxy of GRB 211211A are in line with the limits for the host of GRB 160410A.
Despite its prompt emission shape and duration, GRB 211211A is claimed to be a SGRB with EE
and the associated host galaxy seems to be a galaxy with a low stellar mass and a low SFR.

It would be important to settle the issue of the host galaxy association by deep imaging with
e.g. the Hubble Space Telescope (HST) or the James Webb Space Telescope (JWST), to determine
the nature of the host and the location of the GRB within it to understand why we observe this
peculiar environment in this burst.

SGRBs have also been proposed to happen within galaxy clusters (see e.g. Berger 2010), so
that could be a possible explanation for the absence of detection of a host for GRB 160410A.
However, again, the large column density of neutral hydrogen goes against this hypothesis as
DLAs are commonly associated with galaxies, as mentioned before. We also do not see a very
crowded field in Fig. 3.2.

DLA systems found in QSO absorbers have been associated with the halo of galaxies (Wolfe
et al. 2005). The non-detection of an underlying galaxy and the fact that the closest possible galaxy
is at 42 kpc from the GRB location could also mean that the GRB itself happened at a large distance
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from its host and that the lines we see in the afterglow spectrum are actually an intervening system.
However, the non-detection of the GRB afterglow in the uvw2 and uvm2 bands and the detection
in the uvw1 band (see Sect. 4.3 and Appendix A.2) establish a redshift upper limit for the GRB
afterglow using the Lyman “drop-out” technique of z = 1.8. This points to an association of the
afterglow with the ISM detected at the absorption line redshift, making it unlikely that the DLA
belongs to a foreground galaxy.

3.6 Conclusions

In this paper, we present the first study of the ISM of a SGRB host galaxy. The burst itself was
one of the hardest and brightest events ever detected and at the highest redshift ever measured
directly from its afterglow spectrum (and not from the association with a potential host galaxy).
The X-shooter spectrum shows a broad HI absorption with a large column density consistent with
being a DLA. We derive a very low metallicity of [Fe/H] = −2.5, one of the lowest (dust-depletion
corrected) value ever measured. GRB 160410A shows a very low ionisation compared to what is
commonly found for the environments of LGRBs. SED fitting to the light curve of the afterglow
and dust depletion analysis from absorption lines finds no indication for dust extinction along the
sight-line. We do not find any host galaxy down to a very deep limit; however, the presence of the
DLA system in the burst afterglow spectrum indicates that there has to be an underlying host.

The GRB 160410A afterglow seems to be rather different compared to the other two SGRB
afterglows with detected absorption lines, being significantly brighter than any other SGRB af-
terglow at very early times except for the controversial case of GRB 180418A (note both early
detections were obtained with TAROT). GRB 201221D is located within a more massive, star-
forming ionised host galaxy, consistent with previous findings for SGRB hosts. However, our
spectral coverage does not allow us to determine its metallicity. The spectrum of GRB 160410A
was obtained less than ten minutes after the GRB alert and has the largest sample of lines observed
in a short GRB afterglow spectrum. This demonstrates the importance of the rapid response mode
for observing these events. More data sets of this quality are needed to obtain more robust statis-
tical conclusions on the ISM and environments of SGRBs.
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4.1 Abstract

Long gamma-ray bursts (GRBs) are produced by the collapse of some very massive stars, that
emit ultra-relativistic jets. When the jets collide with the interstellar medium they decelerate and
generate the so-called afterglow emission, which has been observed to be polarised. We study the
polarimetric evolution of the GRB 210610B afterglow, at z = 1.1341. This allows us to evaluate the
role of geometric and/or magnetic mechanisms in the GRB afterglow polarisation. We observed
GRB 210610B using imaging polarimetry with CAFOS on the 2.2 m Calar Alto Telescope and
FORS2 on the 4×8.1 m Very Large Telescope. Complementary optical spectroscopy was obtained
with OSIRIS on the 10.4 m Gran Telescopio Canarias. We studied the GRB light-curve from X-
rays to the optical bands and the Spectral Energy Distribution (SED). This allowed us to strongly
constrain the line-of-sight extinction. Finally, we studied the GRB host galaxy using optical to
NIR data to fit the SED and derive its integrated properties. GRB 210610B had a bright afterglow
with a negligible line-of-sight extinction. Polarimetry was obtained at three epochs: during an
early plateau phase, at the time when the light curve breaks, and after the light curve steepened.
We observe an initial polarisation of ∼ 4% that goes to zero at the time of the break, and it then
again increases to ∼ 2%, with a change in the position angle of 54 ± 9 deg. The spectrum shows
features with very low equivalent widths. This indicate a small amount of material in the line
of sight within the host. The lack of dust and the low amount of material in the line of sight to
GRB 210610B allowed us to study the intrinsic polarisation of the GRB optical afterglow. The
GRB polarisation signals are consistent with ordered magnetic fields in refreshed shock or/and
hydrodynamics-scale turbulent fields in the forward shock.
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4.2 Introduction

Gamma-ray bursts (GRBs) are among the most energetic electromagnetic explosions that have
been observed in the Universe. These events have two main emission episodes: the prompt-
emission and the afterglow-emission phases. The prompt emission represents the first observable
electromagnetic emission and is dominated by gamma-ray photons lasting seconds to minutes after
the onset of the burst. The afterglow has a synchrotron spectrum ranging from radio to gamma-rays
and evolves in time during much longer time spans.

GRBs are typically classified as short or long according to their measured T90
1 duration in

gamma-rays (Kouveliotou et al. 1993). Short GRBs (sGRB) are associated with the coalescence
of two compact objects, their T90 duration is typically shorter than 2 seconds, and their X-ray
spectrum is hard. The discovery of a sGRB associated with the gravitational wave (GW) detection
GW 170817 definitively linked a sGRB with the merger of two neutron stars (Abbott et al. 2017a).
On the other hand, long GRBs (lGRB) that show T90 longer than 2 seconds and have a softer
spectra in the prompt emission phase. These are cataclysmic events associated with the collapse
of massive stars. They are also associated with the detection of broad-line (BL) type Ic supernovae
(SNe) (see e.g. Galama et al. 1998; Hjorth et al. 2003). Lately, several events detecting a kilonova
(KN) emission in a burst with a duration of dozen seconds have cast doubts on the 2-seconds
division as the unique criterion to distinguish between sGRBs and lGRBs (Rastinejad et al. 2022;
Troja et al. 2022; Yang et al. 2022; Gompertz et al. 2022; Levan et al. 2023b, 2024a).

The prompt emission in a GRB is powered by a newly formed compact object that is fed by
the surrounding material. Accretion onto this compact object launches ultra-relativistic jets, in
which the prompt emission is generated through internal dissipation processes including internal
shocks (see e.g. Rees & Meszaros 1994; Sari & Piran 1997; Kobayashi et al. 1997). This prompt
high-energy emission releases isotropic-equivalent energies that can reach up to 1055erg (see e.g.
Burns et al. 2023), although the real released energy can be several orders of magnitude lower due
to the jet collimation.

Polarimetry is an essential tool for explaining GRB physics. Using this technique, we can
test models that include magnetic fields and the geometrical characteristics that are at play, and
we can determine how they evolve throughout the different phases of the GRB. The study of the
prompt emission polarisation and its temporal evolution can help us to understand how the jet is
powered by the central engine. The long and extremely bright GRB 221009A was observed during
the prompt- and afterglow-emission phase by the Imaging X-ray Polarimetry Explorer (IXPE) and
only upper limits were obtained (Negro et al. 2023). Studies of the prompt-emission polarisation
with instrument calibrated to perform polarimetry are rare so far. The Astrosat mission with the on-
board Cadmium-Zinc-Telluride Imager (CZTI) instrument shows the prompt emission as highly
polarised, while for POLAR, GRBs are lowly polarised or not polarised at all (see e.g. Gill et al.
2021).

The material ejected through the jets eventually collides with the circumburst material, decel-

1The T90 is the time span within which a GRB releases between 5% and 95% of the total energy during the prompt
phase.
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erating as interacts with it. These forward shocks generate a broadband synchrotron emission that
is known as the afterglow. This bright shock can be observed during days or even months in the
case of radio frequencies. In certain cases, a reverse shock that propagates backwards within the
relativistic jet can be observed at early times (see e.g. Mészáros & Rees 1997; Piran 1999). Differ-
ent models predict this emission to be polarised. Gruzinov & Waxman (1999) proposed a model in
which the afterglow would show patches with locally ordered magnetic fields randomly oriented
but with many of them sharing a common direction leading to a global low level of polarisation in
the GRB afterglow.

The number of studies using optical linear imaging polarimetry and spectropolarimetry tech-
niques is still very small (see e.g. Covino & Gotz 2016). The first GRB with a polarisation
detection in the afterglow was GRB 990510. Its polarisation degree (PD) was 1.7 %, 0.7 days after
detection (Covino et al. 1999; Wijers et al. 1999). Many efforts have been made to increase the
sample of polarimetric measurements, but the faintness of these objects, their fast evolution, and
the long observing times required for a good signal-to-noise ratio (S/N) leave us with less than 20
GRBs with a measurement above 3σ. Fast reaction is crucial for observing the first GRB phases
in which a higher PD might be expected. The highest measured value was for GRB 120308A with
a PD of 28 % 5 minutes after the burst, which rapidly decreased to 16 % as the afterglow evolved
(Mundell et al. 2013). A high PD of ∼10 % was also measured for GRB 020405, GRB 090102
and GRB 091208B (Bersier et al. 2003; Steele et al. 2009; Uehara et al. 2012). All of them were
observed earlier than 0.01 days after the GRB detection. Observations at later stages shows this
sources as lowly-polarised with some degree of variability throughout their light-curve evolution.
The most detailed example is GRB 030329 (Greiner et al. 2003) whose PD evolves somewhat
randomly from 0.91 % at 0.5 days to 1.4 % 37.5 days after the burst. Afterglow polarisation must
be understood together with the surrounding environment. Dust in the line of sight can change
the observed PD and prevent the measurement of the intrinsic polarisation (Lazzati et al. 2003).
This measurement by itself is also incomplete when it is not followed by the study of the light-
curve evolution. It is crucial for distinguishing between the models that have been proposed to
explain the GRB jet physics to understand whether there is a break in the light curve and how the
polarisation behaves before, during and after this break (see e.g. Covino & Gotz 2016).

We present a comprehensive study of GRB 210610B, its afterglow emission and its environ-
ment using different techniques. Polarimetric, spectral and photometric observations were secured
for this bright long GRB. We also observed the putative host galaxy in order to characterise it
and place the GRB into context. This work is structured as follows: In section 4.3 we present the
observations of both, the afterglow and the underlying galaxy. In section 4.4 we present the results
of the analysis of the linear polarimetry of the afterglow, the light curve and its spectrum, as well
as the analysis of the galaxy. In section 4.5 we discuss the results by setting the framework into
which GRB 210610B is embedded. We also place the results of the GRB afterglow polarimetry
measurements into context. Finally, in section 4.6 we present the conclusions.

Throughout this study, we describe the spectral and temporal evolution of the data using the
convention by which Fν ∝ t−αν−β. We adopt a cosmological model with H0 = 67.3 km s−1Mpc−1,
ΩM = 0.315 and ΩΛ = 0.685 (Planck Collaboration et al. 2014b).
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4.3 Observations

4.3.1 High-Energy data

GRB 210610B was first detected by the Gamma-ray Burst Monitor (GBM) on board the Fermi
observatory at 19:51:05.05 UT of 10 June 2021 with a T90 = 55.04±0.72 s and a fluence of
(1104.2 ± 0.5) × 10−5 erg cm−2 in the 10 keV to 10 MeV band (Malacaria et al. 2021; von Kien-
lin et al. 2020). At the redshift of the GRB (see sect. 4.4.3), the computed isotropic energy is
Eiso, rest = 4.17+0.02

−0.02 × 1053 erg in the 0.1 keV to 10 MeV band. This value is fully consistent with
the so-called Amati relation (Amati et al. 2002; Amati 2006) for long GRBs. The burst was de-
tected ∼22 s later by the Burst Alert Telescope (BAT; Barthelmy et al. 2005) on board the Neil
Gehrels Swift Observatory with coordinates RA = 16h 15m 45s, Dec. = +14◦ 23 29 and an uncer-
tainty of 3. The X-Ray Telescope (XRT; Burrows et al. 2005b) started observing the source 89.9
s after BAT and quasi-simultaneously, the Ultraviolet/Optical Telescope (UVOT; Roming et al.
2005) observed the field in the White band. The image showed a new bright source within the
XRT position with a magnitude in the Swift/UVOT native system of 13.70±0.14, uncorrected for
galactic extinction (Page et al. 2021). The later analysis, presented in Siegel et al. (2021), updated
this value to 13.63±1.10 and the source location to RA = 16h 15m 40.40s, Dec. = +14◦ 23 56.9
with an uncertainty of 0.42”.

In the refined analysis from the BAT data, the burst had a T90 duration of T90 = 69.38±2.53 s in
the 15 to 350 keV band with an Epeak = 339.3±218.6 keV(Krimm et al. 2021). The burst showed
a hardness ratio (HR)2 of 1.78±0.04. This falls in the upper part of the bulk of the HR distribution
for long GRBs (see e.g. Lien et al. 2016). The burst was also detected by Konus-Wind observatory
with a duration ∼ 100 s (Frederiks et al. 2021). The HR of the burst, its T90, and its isotropic
energy release classify GRB 210610B as a long GRB.

4.3.2 Linear polarimetry imaging

We observed the GRB 210610B following the Swift/BAT alert with two different instruments in
linear polarimetry mode. We first observed it with the Calar Alto Faint Object Spectrograph
(CAFOS) mounted on the 2.2 meter telescope at Calar Alto Observatory3. The observations started
0.08 days after the Swift/BAT detection with an exposure per half-wave plate (HWP) position
angle (see below) of 900 s in R band. A second observation was obtained with the FOcal Reducer
and low dispersion Spectrograph (FORS2) mounted on the Unit Telescope 1 of the Very Large
Telescope (VLT) of the European Southern Observatory (ESO)4. The VLT/FORS2 observations
started 0.24 days after the GRB alert in RSpecial, bHigh, and zSpecial bands with 180 s exposure time
per image and with two cycles with the same configuration.

For both instruments, observations were obtained using the HWP in four different rotation
angles of 0.0◦, 22.5◦, 45.0◦, and 67.5◦ and with a Wollaston prism to split the light into the ordinary

2The hardness ratio or spectral hardness (Kouveliotou et al. 1993) for a GRB is the ratio between the fluence emitted
during the prompt emission in the 50–100 keV band over the 25–50 keV band.

3Observations were obtained with programme F21-2.2-021 (PI: Agüı́ Fernández, J. F.).
4Observations were obtained with programme 106.21T6.003 (PI: Tanvir, N.).
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(o) and extraordinary (e) beams. A mask was set to avoid overlapping of the light from the two
beams.

To calibrate the CAHA/CAFOS observations, one high- and one zero-polarised standard star
were observed following the same procedure as for the GRB. The flat-fields in the corresponding
band were obtained with the full optical setup in the light path. For the VLT/FORS2 data, calibra-
tion and standard observations were performed as specified in the FORS2 User Manual (Anderson
2015).

We obtained a second epoch with VLT/FORS2 in RS pecial ∼1 day. We increased the exposure
time per image up to 300 s to account for the fading of the source by performing two cycle for this
observations.

4.3.3 Photometry

Photometric observations were performed using several instruments at different observatories and
in multiple bands. In this section, we describe the details of each of the observations. The mea-
sured photometry is compiled in Table B.1.

Small Binocular Telescope

The Small Binocular Telescope (SBT), located at the Ondřejov Observatory, observed GRB 210610B
at dusk with the two 20 cm Newtonian astrographs mounted on a common mount. The main detec-
tors have 4096×4096 pixel CCDs that provide a field of view of 3.5◦×3.5◦ with a 3.14” sampling.
Operations are designed such that the readout time of one camera equals the exposure time of the
other camera to avoid any blind time during the observation.

The SBT observations started ∼ 860 s after the burst. During the early follow-up phase, 12 s
exposures were taken without a filter. Afterwards, the observations consisted of up to 34 exposures
of 120 s each in SDSS-r’ band (see Table B.1 for further details). Observations were interrupted
at 23:47 UT, almost 4 h after the GRB detection.

The afterglow was not detected in single exposures, and we therefore stacked the images to
obtain an acceptable (S/N). We used montage to obtain a weighted image co-addition similarly
to Morgan et al. (2008), which optimises for the variable background caused by dusk and thick
cirrus.

As for the images in r’ band, photometric calibration was performed against the Atlas cata-
logue, which uses the Pan-STARRS catalogue for faint targets. Images in the clear band were
calibrated against the r’ band and a polynomial correction involving photometric colours g′ − r′,
r′ − i′, and i′ − z′ was performed. Photometric measurements obtained this way are shifted com-
pared to the original standard r’ band by a correction that depends on the object colour. This
correction can be computed from the fitted relation when the photometric colours of the after-
glow are known. By fitting the complete photometric set with an empirical broken power law we,
determined this correction to be kc−r = −0.0045 mag. Therefore, under the assumption that the
afterglow shows no colour evolution, we are able to convert the unfiltered values from SBT into r′

by simply subtracting kc−r.
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FRAM-ORM telescope

The 25 cm telescope FRAM-ORM, is operated as part of CTA-N at Roque de los Muchachos at
La Palma, Spain. The telescope is equipped with a 1024 × 1024 pixel CCD detector and a Bessel
filter set, which provides a field of view of 26′×26′ with a pixel scale of 1.5”.

FRAM-ORM observed the GRB starting at 20:49 UT (1h after trigger) and obtained a total of
83×60 s images in R band using a total of 1.5 h of observing time. Images were reduced using
standard procedures and combined into groups in order to provide a good (S/N). Photometry was
performed in a similar way as for the SBT unfiltered images, using r’ band and r’-i’ band catalogue
values. The derived correction factor is kR−r = −0.036 mag.

Telescope D50

The D50 Telescope is a 0.5 m Newtonian robotic telescope located at Ondřejov Observatory. It
has a 1024x1024 EMCCD camera with a field of view 20′×20′, scaled at 1.18” per pixel. The
telescope is equipped with an SDSS filter set.

D50 started observing 0.06 days after the burst detection, starting with SDSS-r’ band and
followed by a set of observations in SDSS-g’, r’, i’, and z’ bands using different exposure times
(see Tab.B.1 for further details). During the first night, the telescope spent 3.2 h on target and
stopped at 01:05 UT. There were additional observations in night 2, 4, 5, and 7, collecting 16.75 h
of further follow-up data.

All images were processed in a standard manner performing dark subtraction, flat-field correc-
tion, and fringe removal for i′ and z′, and the images were co-added when necessary. Photometry
was performed using the SDSS catalogue in the corresponding band. The GRB afterglow emission
is detected even at the latest epoch.

CAHA/CAFOS

In addition to the polarimetric observation, we performed further imaging of the afterglow in the
second night with CAFOS on the 2.2 m telescope of the Calar Alto Observatory. The images were
corrected using bias and flat fields using standard procedures in IRAF. The observations were
performed with the RC filter and calibrated with respect to PanSTARRS field stars, for which a
filter correction was used to derive AB magnitudes in the RC band. These magnitudes were then
transformed into the r′ band using the colour information that we have from the afterglow. The
final values are shown in Table B.1.

GTC/HiPERCAM

The field of GRB 210610B was observed in four epochs using the HiPERCAM multi-band imager
(Dhillon et al. 2021) mounted on the 10.4 m Gran Telescopio de Canarias (GTC) at Roque de los
Muchachos Observatory (La Palma, Spain) using programme GTCMULTIPLE2C-21A (P.I.: de
Ugarte Postigo). HiPERCAM simultaneously obtains observations in the five SDSS filters (u’, g’,
r’, i’, z’) using efficient dichroic beam-splitters and multiple cameras. The last of our observations
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was obtained almost two months after the burst when the emission was dominated by the host
galaxy (see Fig. 4.1).

The data reduction was performed using an automatic shell script that finds and organises the
files, calls commands from the HiPERCAM pipeline to perform bias and flat corrections and con-
verts the HiPERCAM one-dimension fits files into classical two-dimension fits images. Further
IRAF procedures allow us to obtain an even background from the different quadrants of each de-
tector. Finally, the images are registered and combined using SWARP (Bertin 2010). Photometry
was performed with aperture photometry using reference field stars from the PanSTARRS cata-
logue. For the last epoch, we used the same aperture to compare the results to the rest of the data.
Additionally, we performed photometry of the complete host galaxy adapting the aperture to its
light, and in a similar way, we obtained photometry of a nearby object north-west of the host,
which we identified as a companion galaxy at the same redshift (see Sect. 4.4.4).

Perek 2 m telescope

The Perek 2.0 m telescope at the Ondřejov Observatory observed GRB 210610B afterglow 6 days
after the burst in SDSS-g’ band. The photometric camera of this telescope has a 1092×736 pixel
CCD with a field of view of 5′ × 7′ scaled at 0.4′′/pixel. After standard imaging data reduction
and after imaging co-addition, photometry was performed as for the D50 telescope. The GRB
afterglow is well detected.

GTC/EMIR

Late-time near-infrared (NIR) observations were performed on 19 February 2022 in search for
the host galaxy of GRB 210610B with the EMIR instrument (Garzón et al. 2022) mounted on the
10.4m GTC telescope with programme GTCMULTIPLE2H-21B (PI: de Ugarte Postigo). The ob-
servation consisted of a total exposure of 349 × 3 s in H band. The data reduction was performed
using a self-made pipeline that corrects flat fields, does background subtraction, bad-pixel mask-
ing, alignment and combination of the frames. The host galaxy was not detected in the final frame
down to a 3-σ limiting magnitude of 22.9 mag.

4.3.4 Spectroscopy

We observed GRB 210610B using the long-slit mode of the Optical System for Imaging and low
Resolution Integrated Spectroscopy (OSIRIS) (Cepa et al. 2000) mounted on the 10.4 m GTC. The
observation consisted of 3×900 s exposures with grism R1000B and a slit width of 1′′ oriented
at the parallactic angle5. The mean epoch of the observation was 11 June 2021 at 01:59:14 UT
(6.12972 hr after the Swift trigger) at a mean airmass of 1.13.

Flux calibration was performed relative to an observation of the Ross 640 (Oke 1974) spec-
trophotometric standard, observed at the beginning of the same night and using the same grism.
The afterglow spectrum shows a very strong continuum, with a median (S/N) of ∼ 100 per disper-
sion element and weak absorption features.

5The observations were obtained under the program GTCMULTIPLE2C-21A (PI: de Ugarte Postigo).
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Figure 4.1: Colour images of the field using the g’, r’ and i’ bands of HiPERCAM at 1 day and 58
days after the burst, respectively. In the first image the afterglow is strongly detected, in the second
image, it has faded and the host galaxy dominates the emission. 2.7 arcsec north-west of the host
galaxy lies a companion galaxy at the same photometric redshift of the host (see Sect.4.4.4).

4.4 Results

4.4.1 Linear polarimetric analysis

For all linear polarimetry data, we performed regular imaging-reduction processes. Images were
bias subtracted and flat-field corrected using PyRAF tasks (Science Software Branch at STScI
2012). The flat field correction for VLT/FORS2 was performed as specified in González-Gaitán
et al. (2020). For CAHA/CAFOS, we combined the flat fields using PyRAF, and we used a cus-
tomized Python script to separate the o and e beams into two separate images. We normalised
each beam to the corresponding median value and created the o and e beam combined flat. We
followed the same procedure for each image. We performed this correction since flat fields were
obtained with the full optics on the light pathway. This led to a rather different count rate in each
beam what would have led to an inaccurate normalisation. Finally, we split all the reduced images
into an o and e image and applied the L.A. Cosmic algorithm (van Dokkum 2001) to remove
cosmic rays.

We used PyRAF to measure the on-frame full width at half maximum (FWHM) in each image
including the high- and zero-polarised standard stars. The FWHM was measured independently
for the o and e beam since the shape of the point spread function (PSF) can vary, especially for
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sources with a high degree of polarisation.
To obtain reference field stars we used a source detection algorithm based on DAOStarFinder

in Photutils and applied it to the background-subtracted o and e images separately. The selected
sources were those with a threshold above the median plus three times the standard deviation of
the background. The statistics were calculated per beam and per angle position of the HWP using
a sigma clipping of the masked image. From these sources, we discarded those that were clearly
extended and those that lay too close or partially within the instrumental mask edges. We also
checked whether the source was saturated in any of the beams. We ended up with five sources,
including GRB 210610B, in the FORS2 images and five sources in the CAFOS images. The
sources from FORS2 and CAFOS images are different due to saturation or because sources fall at
the mask edges.

We performed aperture photometry using circular apertures with a radius equal to the FWHM
and applied infinite-aperture corrections using a custom Python script to the FORS2 data. In order
to avoid contamination by a nearby spurious source, we measured the flux for the CAHA/CAFOS
data using a fixed aperture of three times the FWHM per image and per beam and subtracted
the sky of an annulus around the source with an inner and outer radius of four and five times the
FWHM, respectively. In the FORS2 images, this spurious source was outside the measured region.
The errors for the aperture photometry were obtained considering each beam as an unique image,
that is, we separated the ordinary stripes from the extraordinary stripes.

With the measured flux values per source and per beam, fo and fe, we obtained the Stokes
parameters Q and U describing the linear polarisation (see e.g. Patat & Romaniello 2006; Bagnulo
et al. 2009) for each of our images. We used the normalised Stokes parameter for the linear
polarisation.

Q
I

= q =
2
N

N−1∑
i=0

Ficos
iπ
2

(4.1)

U
I

= u =
2
N

N−1∑
i=0

Fisin
iπ
2

(4.2)

where N is the number of positions of the half-wave plate, I is the intensity, and Fi is the
normalised flux difference per HWP position angle,

Fi =
fo,i − fe,i
fo,i + fe,i

(4.3)

Following the equations above, we can obtain the polarisation degree Plin,

Plin =

√
q2 + u2 (4.4)

(4.5)

For the position angle, we followed the formalism as used in Bagnulo et al. (2009).
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We then corrected for the effects of optics and detector in the polarisation images. To do this,
zero-polarised standard stars were observed in the corresponding bands with VLT/FORS2 follow-
ing the procedures detailed in Anderson (2015). For CAHA/CAFOS, observations of standard
stars were carried out in the same night. In the case of VLT/FORS2, b- and z-band standards
were completely saturated, and no subsequent standards were found in the ESO archive around
the time of the observation. For the R band, the standards were also saturated. We then used
WD1620-391 for the zero-polarised standard star, observed 18 days after the GRB, for VLT/-
FORS2, and BD+33 2642 (Turnshek et al. 1990) for CAHA/CAFOS observed in the same night
as GRB 210610B.

We finally removed the effect on the polarisation induced by the dust in the Milky Way (MW).
To do this, we measured the q and u parameters for the field stars in our images. However, FORS2
is known to have a radial profile in which the polarisation varies across the field from the optical
axis towards the edges of the detectors (see e.g. González-Gaitán et al. 2020). To account for this
effect, we applied the corresponding correction by using the q, u background correction and the
instrumental polarisation maps presented in González-Gaitán et al. (2020). We then measured the
Galactic interstellar polarisation (Galactic ISP, or GISP) using three methods, following Wiersema
et al. (2012): First, we measured the mean values for the q, u parameters from the field stars. Then
we performed a one-dimensional Gaussian fit to the q, u values of the field stars by generating a
normal distribution of values for the q, u within their corresponding errors, and we then fitted a
Gaussian to each Stokes parameter. Finally, we performed a two-dimensional Gaussian fit to the
q, u, adapting the procedure from the one-dimensional Gaussian fit (see Fig. 4.2 for an example of
the two-dimensional Gaussian fit). All the q, u fitted parameters are consistent within the errors,
and we therefore vectorially subtracted the mean value from the q, u values for the GRB. The mean
sky values are listed in Tab. 4.1, which are all consistent with or close to zero. Both q and u show
some variation from one epoch to the next, which we assumed is due to different sky background
light between the epochs6.

For the CAFOS images, the same analysis was performed, although we were unable to correct
for background polarisation and instrumental polarisation across the images because we lack a
characterisation as we have for FORS2. However, lunar illumination was close to 0%, and we
do not expect a high instrumental polarisation (Patat & Taubenberger 2011) for CAFOS. Indeed,
the two-dimensional Gaussian fit to the field stars (see Fig. 4.2) shows it to be consistent with no
polarisation from the ISM and implicitly, no polarisation from the CAFOS instrument.

After the polarisation induced by the MW dust was removed we calculated the final polarisa-
tion from both instruments in all the filters. Next, we needed to consider the contribution to the
polarisation from the dust in the host galaxy itself. Since the information is more limited than for
the dust in the MW we assumed a Serkowski law (Serkowski et al. 1975) for the host galaxy. From
the spectral energy distribution (SED) fit of the GRB light curve, we obtained the colour excess on
the line of sight (see Sect. 4.4.2). Assuming this value as the extinction of the afterglow at the host
galaxy, using PISP(%) ≤ 9.0×E(B−V), we find that the contribution from the host galaxy could be
as high as PHost ISP ≤ 0.09%. We note that in extragalactic sight lines, this may not be applicable

6ESO weather log.
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Figure 4.2: Two-dimenssional gaussian fit to the field stars q, u parameters. Left: Normal distribu-
tion of randomly generated data around the q, u values. The amplitude to generate the data is the
Stokes parameter errors. Central panel: two-dimensional gaussian model fitted to the data points.
Right: Residuals.

because the dust properties may differ from those of the MW (Nagao et al. 2022). This value is
well below the PD measured for the afterglow, and we therefore considered the host contribution
to be negligible. Finally, we corrected for the polarisation definition bias with the modified asymp-
totic estimator (MAS) Plaszczynski et al. (2014). The corrected values for the polarisation degree
are shown in Tab. 4.1 before and after the bias correction.

We also determined the polarisation position angle (PA) for the GRB afterglow. The FORS2-
measured raw PA was corrected for chromaticity using the tabulated values per bandpass presented
in Anderson (2015). We then corrected for it using the standard star Hiltner 652, observed on the
19, July 2021, although the PA correction is very small with ∆θ = 0.5± 0.9. The high polarisation
standard in RS pecial band closest in time to the GRB was also saturated in at least one beam. We
corrected the derived PA value of the standard to the value presented in Cikota et al. (2017). As the
measured b-band value for the PA in Hiltner 652 is very close to the B band value in Cikota et al.
(2017) we use B band to correct for the b-band value. For the z band, no observations were found
so far for this standard, and we therefore used the PA for the I band in (Cikota et al. 2017). The
high polarisation standard observed for CAFOS, Hiltner 960, was corrected to the “theoretical”
value following Schmidt et al. (1992).

We detect polarisation at &3σ significance for the first and last epochs, while the second epoch
is consistent with zero polarisation. We detect 1σ polarisation in the R band on the second epoch.
We consider this measurement, together with the R band observation at ∼0.26 days for the b and
z band as limit, however. Since the MAS correction is not completely applicable when PD/σP <

3.0, we did not apply this correction to the mentioned limits. In this PD regime, the PA would
behave erratically and, we therefore cannot treat it as a limit.
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Figure 4.3: Afterglow, PD and PA evolution of GRB 210610B. Top panel: GRB 210610B light curve for
the r band (see Tab. B.1). We converted the SBT Clear band and R band into r band as indicated in 4.3.3
and 4.3.3. The vertical stripes from left to right denote the first polarimetry epoch (CAHA/CAFOS) and
the second and third epochs (both with VLT/FORS2). The host observations in r band are marked with a
dashed red line. Middle panel: Evolution of the linear polarisation of GRB 210610B. The red dots shows
the measured polarisation for R band, and blue and orange triangles denote the lower limits in the b and z
bands. Bottom panel: Linear polarisation measured PA for GRB 210610B. The detections are marked with
filled circles, and the corresponding PAs for the PD limits are marked with empty squares as these values
are neither lower nor upper limits. The dashed black lines denote the PA for the first (bottom) and the third
(top) epoch.
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Figure 4.4: Comparison of GRB 210610B polarisation evolution to previous detections of GRB afterglow
positive polarisation. Top: Measured GRB linear polarisation degree on the optical afterglow emission. The
white and green stars mark the polarisation degree measured for GRB 210610B in all bands. As for all the
data points, we did not make a distinction on the photometric band in which the polarisation was measured.
We only selected the measured values that show a P/σP > 3 for all bursts, including GRB 210610B. The
filled circles indicate the bursts for which a light curve is shown in bottom panel, and empty squares rep-
resent the bursts that are not represented in this last panel. The data and references can be found in Tab.
C.1. Middle pannel: PA measured for each corresponding burst and epoch in the same fashion as in the
top panel. Note that as for GRB 021004 there is no measured PA. To better distinguish the PA changes,
we subtracted the first PA value to all values and calculated the absolute value for those with a mean value
below zero. We do not find significant PA changes except for GRB 121024A, GRB 091018, GRB 030329,
and GRB 210610B. We note that the measures were carried out with different instruments, and the data re-
duction and analysis can be different from the one we followed in this work. Bottom panel: Light curve for
some exemplary burst with data available in the literature (GRB 020405 (Masetti et al. 2003), GRB 020813
(Gorosabel et al. 2004), GRB 021004 (de Ugarte Postigo et al. 2005), GRB 030329 (Lipkin et al. 2004),
GRB 091018 (Wiersema et al. 2012), GRB 121024A (Wiersema et al. 2014) and GRB 210610B.
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4.4.2 Light-Curve analysis

We first modelled the optical and X-ray light curves simultaneously with a smoothly broken power
law (Beuermann et al. 1999), F = (Fκ

1 +Fκ
2)−1/κ, where Fx = fbreak(t/tbreak)−αx , fbreak being the flux

density at the break time tbreak, κ is the break smoothness parameter, and the subscripts 1, 2 indicate
pre- and post-break, respectively. We did not consider data before 0.06 days (∼5 ks) because they
are still dominated by the initial rapid decay. Even before any modelling was performed, it is clear
that the optical light curve is initially flat at least until ∼0.25 days (∼20 ks; see Fig. 4.5), while at
the same time the X-ray behaviour is difficult to discern, though the two groups of observations at
4 ks and 7 ks show possible fading, in contrast to the optical. Not knowing the precise evolution
of the early X-ray data, we allowed the initial X-ray decay to be different from the optical. Note
that a different decay implies a colour evolution between X-rays and the optical. We find a shallow
break with tbreak, opt = 0.326±0.011 d (27.7±1.2 ks), a flat optical decay with α1,opt = 0.00±0.01,
and an optical to X-ray decay index α2, = 1.85±0.04, with a break smoothness κ = 1.4±0.1, with
χ2/d.o.f.=2.6.
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Figure 4.5: GRB optical to X-ray light curve fit to available photometry (see Tab. B.1) and Swift
X-ray data. The grey shaded region is not taken into account for the fit as it may be contaminated
by the prompt emission. The clear cyan regions mark the times we chose to derive the SED of the
light curve. The data are shown with an offset in flux for better visibility.

After the break, we analysed the full optical to X-ray SED when we the coverage in both
frequency regimes was best. To build this SED, we first created the XRT spectra using the time-
slice tool in the XRT repository (Evans et al. 2007, 2009) in the range 30ks-50ks at a mid-time of
1.2 days. We then shifted the optical GTC/HIPERCAM ugriz data at 1.097 days closer to these
times using the decay indices found above.

We modelled the afterglow SED from optical to X-ray frequencies using Xspec v12.13.0
(Arnaud 1996). The redshift was fixed to z = 1.1341, and we fixed the Galactic hydrogen
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column density to NH = 3.94 × 1020 cm−2 (Willingale et al. 2013). The data are best mod-
elled by a single power-law (χ2/d.o.f. = 264.5/298) with β = 0.869+0.003

−0.007, intrinsic absorption
NH = 18.3+6.5

−5.9×1020 cm−2 (using the Tübingen-Boulder ISM absorption model; Wilms et al. 2000)
and E(B-V)< 0.01 mag, using the Small Magellanic Cloud (SMC) extinction law (Pei 1992).

We also obtained an optical to X-ray SED at 0.079 days (6871 s) taking the X-ray data between
6000 and 8000 s and using the optical light curve above to shift the corresponding griz photometry.
After fixing the redshift, extinction, and absorption as for the late epoch and following the same
fitting procedure, we find that the data are best modelled by a broken power law (χ2/d.o.f. =

143.3/197) with βopt = 0.43+0.046
−0.046, and βX = βopt + 0.5, which indicates the presence of a spectral

break, like the cooling break for synchrotron emission. We note that the spectral index of the high-
frequency branch is consistent with the value found at late time, suggesting that the break shifted to
lower frequencies with time, which is expected for an ISM environment within the fireball model
and before the jet-break occurs (Sari et al. 1998). However, the shallow decay of the early light
curve cannot be explained within the standard fireball model, unless we consider a more complex
scenario such as an energy injection (e.g., Zhang et al. 2006).

4.4.3 Optical Spectrum analysis

The afterglow spectrum observed by OSIRIS ∼0.25 days after the burst shows several transitions
of FeII, MgII, and MgI (see Tab. 4.2), all of them at a common redshift of z = 1.1341±0.0004 (see
Fig. 4.6 and Table 4.2). This value is a lower limit for the burst redshift due to the non-detection
of fine-structure lines excited by the GRB itself. The detection of the afterglow in the bluest band
from Swift/UVOT sets an upper limit of z = 1.7, using the so-called Lyman drop-out technique,
following (Jakobsson et al. 2012). Considering this limit and the lack of absorption lines common
to GRBs (Christensen et al. 2011) at higher redshift, we hence adopted z = 1.1341 as the redshift
of GRB 210610B. We also detected two absorption features that correspond to the Mgii doublet in
an intervening system at z = 0.5572 ± 0.0002.

The equivalent widths (EWs) of the detected absorption lines were measured using the GRB-
spec database tools (de Ugarte Postigo et al. 2014a; Blažek et al. 2020) (see Tab. 4.2). We followed
de Ugarte Postigo et al. (2012) to compare these values with the common trend for long GRB sight-
line environments. The line strength parameter (LSP) measured for GRB 210610B is extremely
low, LSP = -2.17±1.13, implying that this line of sight has weaker features than 99.85 % of the
GRBs in the aforementioned sample. The line-strength diagram in Fig. 4.6 shows that the Fe II
lines are particularly weak and are only detected through the very high signal-to-noise ratio of the
spectrum. The magnesium features are stronger, but still among the weakest in the sample. The
low EW values imply a low column density and hence a low amount of gas and possibly dust in
the line of sight consistent with a negligible dust-induced polarisation.
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Table 4.2: Equivalent widths in observer frame measured in the afterglow spectrum.

Observed λ Feature z′ EW
(Å) (Å)

5001.69 FeII 2344.21 1.1336 0.49 ± 0.07
5066.45 FeII 2374.46 1.1337 0.23 ± 0.06
5084.79 FeII 2382.77 1.1340 0.61 ± 0.07
5520.91 FeII 2586.65 1.1344 0.25 ± 0.07
5549.64 FeII 2600.17 1.1343 0.53 ± 0.07
5976.16 MgII 2796.35 1.1341 3.29 ± 0.10

MgII 2803.53 1.1345
6090.41 MgII 2852.96 1.1348 0.64 ± 0.07

4353.92 MgII 2796.35 0.5570 0.39 ± 0.10
4366.46 MgII 2803.53 0.5575 0.23 ± 0.08
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Figure 4.6: Absorption spectroscopy and line properties for GRB 210610B. Top: Spectral features
detected at the redshift of the GRB, plotted in red, and the features from the intervening system
are shown in blue. The dashed blue line shows the error spectrum. Bottom: Line-strength diagram
for the spectral features in the host galaxy. The diagram compares the features measured in our
spectrum (red) with the average values of a larger sample (black) (see Sect. 4.4.3).
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4.4.4 Host galaxy

We observed the location of GRB 210610B ∼ 58 days after the burst using GTC/HiPERCAM and
∼ 253 days after with GTC/EMIR. In the HiPERCAM images, we detect an underlying object at
the GRB position and we consider this object to be the host. We also find a putative companion
galaxy towards north-west of the host candidate (see Fig. 4.1) at a distance of ∼ 2.7”, which would
correspond to a distance of 22 kpc at the redshift of the system. The photometry of the host galaxy
is shown in Tab. B.1, together with the values for the companion.

We performed a SED analysis for the two galaxies assuming that both of them are at the GRB
redshift. For this analysis, we used the SED fitting code CIGALE7 (Burgarella et al. 2005; Noll
et al. 2009; Boquien et al. 2019) in its latest version. To fit the star formation history (SFH), we
chose a delayed star formation history with an age for the main stellar population ranging from 0.1
to 13 Gyr and a late burst with an age varying from 20 – 500 Myr. We allowed the code to vary the
corresponding mass fraction from the total galaxy mass for the late burst from 0, which implies a
single decaying exponential for the SFH modelling, up to 0.6, that is, 60% of the total galaxy mass.
We use the initial mass function (IMF) as described in Chabrier (2003) with a Bruzual & Charlot
(2003) stellar population model, assuming a stellar sub-solar metallicity (Z∗) for the galaxy (see
Sect. 4.4.3 and 4.5) that was set to vary from 0.004 to 0.008, according to the scheme used in
Bruzual & Charlot (2003). The nebular emission was modelled considering the same metallicity
values for the gas.

For the attenuation law, we considered the modified Calzetti et al. (2000) law implemented
in CIGALE, assuming a Small Magellanic Cloud (SMC) extinction law for the attenuation of the
emission lines. We did not observe a colour evolution for the Galactic-dust-corrected (Schlafly
& Finkbeiner 2011) magnitudes, and we do not detect the host galaxy in the H band down to
22.9 magnitudes. This might indicate a low level of dust emission due to low dust heating from
UV massive star photons, indicating a low number of massive stars or an intrinsic lack of dust
in this system. Since the amount of detected Mg, typically formed in the explosion of massive
stars, is large compared to the amount of Fe in the traced system, although still low for common
lGRBs sight-lines (see Fig.4.6), this favours the scenario of low intrinsic extinction rather than
the absence of massive stars (see Sect. 4.5 for an extended explanation). Therefore, we chose the
colour excess of the nebular lines to be lower than 0.1. The slope of the attenuation curve (Boquien
et al. 2019) was allowed to vary between -0.6 and 0.6. For the dust emission, we selected the Dale
et al. (2014) models and allowed the exponent that controls the radiation field distribution of the
re-emitted energy by dust heating to vary between 1.0 and 3.0.

We applied the same SED fit to both galaxies. However, the companion galaxy shows colour
excess in the HiPERCAM observations, and we therefore allowed the colour excess for the nebular
lines to range up to 0.4. The results for the computed physical properties from the SED fit can be
found in Tab. 4.3 and the best fit is shown in Fig. 4.7. The SED of the companion galaxy allowed
us to determine a photometric redshift that is consistent with the redshift for GRB 210610B. The
companion is at a distance of 2.67 arcsec, corresponding to a physical distance of 22.6 kpc at a

7https://cigale.lam.fr/
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redshift of z = 1.1341. We therefore assumed that these two galaxies are part of a group.

Table 4.3: Fitted physical properties of the putative host galaxy of GRB 210610B and its putative
companion.

Host galaxy Host companion

log10(M∗)(M�) 9.10+0.40
−0.20 9.60+0.55

−0.24

log10(S FR) (M�/yr) 1.06+0.12
−0.10 0.47+0.32

−0.10

sS FR (Gyr−1) 9.26 ± 6.02 0.76 ± 0.68
AV (mag) 0.19 ± 0.10 0.51 ± 0.33

Z∗ 0.006 ± 0.002 0.006 ± 0.002
Reduced χ2 0.49 0.50
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Figure 4.7: GRB host SED with the corresponding residuals modelled using the CIGALE fitting
code (Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019) for the putative host galaxy of
GRB 210610B. The vertical blue arrow indicates the H band upper limit.

4.5 Discussion

A broad study of the GRB prompt and afterglow emission together with its host galaxy is crucial
for better constraints of the characteristics of GRB 210610B. The burst prompt emission presents
the GRB as a hard burst, as observed by Swift, positioning it in the top part of the long GRB region
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of the hardness ratio versus T90 relation (see e.g. Lien et al. 2016). The isotropic equivalent energy,
together with the observed peak energy, shows that GRB 210610B is fully consistent with the
Amati relation (Amati et al. 2002; Amati 2006) for long GRBs. The prompt, high-energy emission
of GRB 210610B has been analysed with Fermi data by (Chen et al. 2022). They reported that the
prompt emission is best fit by a hybrid jet model (Gao & Zhang 2015) in which a hot fireball
component dominates the emission in the beginning, while a Poynting flux component supersedes
at later times. Chen et al. (2022) described these results as consistent with the magnetar model as
a plausible central engine (Metzger et al. 2011).

4.5.1 Host galaxy

The SED analysis of the GRB 210610B host reveals a galaxy with a low stellar mass, consistent
with a dwarf galaxy that is actively forming stars and has low extinction. At the same redshift,
the companion is more massive than the GRB host, with a higher stellar mass but lower SFR. The
extinction for this galaxy is also higher than that of the GRB host assuming the same extinction
law.

From the afterglow spectrum, we find that GRB 210610B is embedded in an environment with
low amounts of FeII and somewhat higher values for MgII and MgI. The low amount of Fe could
be indicative of a low number of SN Ia in the host, since these explosions are the main sources of Fe
(Pagel 2009). This could mean that either there is an intrinsic lack of this type of stellar explosions
near the absorber site or that the system itself is too young to have been Fe-enriched via SN Ia.
However, the absence of fine-structure lines in the spectrum does not allow us to determine the
distance of the absorbing clouds to the explosion site and, therefore, the afterglow spectrum could
be tracing gas in the external parts of the host galaxy, where we would expect it to be less enriched.
Nevertheless, we find a higher relative value for the EWs of Mg, although it is still low compared
to the mean value found for GRB sites (de Ugarte Postigo et al. 2012). Mg is released into the
ISM through the explosion of massive stars (Pagel 2009). Together with the low amount of Fe, this
might suggest that the host galaxy is a very young system. This is also supported by the extinction
we measure from the SED fit. The AV value may indicate that the host galaxy has a low amount
of dust, which is expected for a low metallicity and, therefore, for a young system.

4.5.2 Afterglow

The GRB afterglow follows a decay-plateau-decay behaviour with an initial decay that is well
fitted by a broken power law with an optical spectral slope at ∼0.08 days of βopt = 0.43+0.05

−0.05 and
a βXR ∼ 0.83. Afterwards, the light curve enters a plateau phase that lasts ∼0.247 days to finally
change to the final decay at ∼0.326 days after burst. This final decay is better fitted by a power
law with β = 0.869+0.003

−0.007, consistent within errors with βXR at ∼0.08 days after GRB. The change
in the spectral slope at ∼0.08 days might be indicating a spectral break at the beginning of the
plateau phase. The SED fit shows negligible extinction on the line of sight towards the GRB and a
low X-ray Hydrogen column density, as compared to NH values for relatively low redshift GRBs
(Campana et al. 2010). This low NH together with the low E(B-V), contradicts what would be
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expected for low-redshift bursts, where a higher dust-to-gas ratio is expected for lowly NH X-ray
absorbed bursts (Campana et al. 2010).

4.5.3 Polarisation

Our polarisation observations match three very important stages of the GRB 210610B afterglow
light-curve. The first polarimetry measurements were performed 0.1205 days after burst, right
after the light curve entered the plateau. The second epoch at ∼0.26 days is close to the end of
this plateau phase, almost consistent with the break of the optical light curve at 0.326 days after
the GRB. After this, the light curve undergoes its final decay, where a final polarimetry epoch
was observed. The afterglow is polarised at the beginning and towards the end of the light-curve
evolution, but not around the optical break at 0.326 days after burst, where the polarisation drops
to zero with a small rise to 0.61% in the next observation, which is slightly above the PHost ISP

limit, but only at a 2.5-σ level. In the final decay, the polarisation increases to 2.27% and then de-
creases to 1.69% as the afterglow fades away. We find that b and z bands show polarisation values
consistent with zero at a close epoch to the 2.5-σ R-band measurement. Therefore, the multi-band
observations do not allow us to asses chromaticity/achromaticity in the afterglow polarisation. The
PA varies by ∼54◦ between the 3σ detections. The measured polarisation is well consistent with
prior measurements for linear polarimetry of GRB afterglows, as shown in Fig. 4.4.

One important aspect when determining the intrinsic polarisation is to constrain any contribu-
tion from the dust in the host galaxy. A possible polarisation from the MW was removed during
the analysis (see Sect. 4.4.1). The SED fit to the GRB light curve results in a negligible value for
the afterglow extinction on the line of sight and the inferred upper limit for the GRB host ISP is
rather small compared to errors of the measured 3-σ polarisation detections (see Sect. 4.4.1). This
means that either the polarisation contribution of the host galaxy along the line of sight is well
below the PHost ISP limit or that this contribution would cancel the afterglow polarisation out. The
relatively high values we measured for the 3σ detections and the very low limit for the host galaxy
polarisation led us to assume that the host contribution is negligible. This low extinction also sup-
ports the scenario in which the polarisation is interpreted as intrinsic to the GRB afterglow. This
is further confirmed by the polarisation non-detection in the second epoch, which is an indirect
measurement of the host ISP.

4.5.4 Theoretical Interpretations of the polarisation signals

The first polarimetry observations show a rather high linear polarisation degree of ∼ 4% at t ∼
0.1205 day. Considering that the observations were carried out during a shallow decay/plateau
phase, a non-negligible fraction of optical photons might originate from refreshed shocks in the
original ejecta from the central engine. As previous polarimetry studies of the early afterglow
indicate that ejecta from the central engine contain large-scale ordered magnetic fields, at least
for a subgroup of GRBs if not for all (e. g. Mundell et al. 2013), the refreshed shock emis-
sion can be polarised due to the ordered magnetic fields in the ejecta. The combination of the
polarised refreshed shock emission and unpolarised forward shock emission is likely to give low-
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/intermediate-polarisation signals. For GRB 191016A, Shrestha et al. (2022) reported the detection
of polarisation signals with P ∼ 5 − 15% which are coincident with the start of the plateau phase.
An energy injection model was discussed to explain the coincidence.

The optical light curve starts to decline at t ∼ 0.2 days (see the top panel of Fig.4.3). This
indicates that the energy injection stops around that time and that the optical band is dominated by
the forward-shock emission well before the second polarisation epoch is conducted at t ∼ 0.24 day.
The magnetic fields in the forward-shock region (the shocked ambient medium) are conventionally
assumed to be generated locally by microscopic instabilities in shocks (see e.g. Medvedev & Loeb
1999), and they are expected to be highly tangled. The PD of the forward-shock emission is
expected to be zero when the line of sight does not run along the jet edge. The low polarisation
at t ∼ 0.24 − 0.28 days can be explained naturally when the optical emission is dominated by the
forward-shock emission.

Due to the relativistic beaming effect, the observer can see only a small visible region (a small
patch with an angular size of 1/Γ, located around the point at which the line of sight intersects
the jet) instead of the entire surface of a shock front. The visible region appears as a ring due to
a relativistic limb-brightening effect (Granot et al. 1999). Synchrotron emission from each small
segment of the ring can be polarised when the random magnetic fields parallel and perpendicular
to the shock normal have different averaged strengths. However, the net PD is zero because of the
symmetry of the visible region.

As the forward shock slows down, the angular size of the visible region grows as 1/Γ ∝ t3/8

(ISM) or t1/4 (wind medium). Eventually, a part of the ring is located outside the jet edge and the
emission region becomes asymmetric. This might have occurred by the third polarisation epoch
at t ∼ 1.27 day. Between the second and third epochs, the angular size of the visible region can
grow by a factor of ∼ 1.7 (ISM) or 1.4 (wind medium). Optical linear polarisation measurements
have been carried out for many late GRB afterglows typically several hours to a few days after the
prompt gamma-ray emission (e. g. Covino & Gotz 2016). In this period, a jet break is expected to
occur. The detection or upper limits of the linear PD are generally low (less than a few percent),
which might indicate that the shock-generated random magnetic fields parallel and perpendicular
to the shock normal have similar averaged strengths. The polarisation signals P ∼ 2% at t ∼ 1.27
days might be explained in this geometrical model. If the large-scale magnetic fields in the ejecta
are toroidal, the PA change between t ∼ 0.24 days and t ∼ 1.27 days is expected to be 0 or 90
degree. However, the large-scale magnetic fields in the ejecta can be largely distorted before they
inject energy into the forward shock (or the original magnetic structure can be very different from
the toroidal configuration). The position angle change can be any value. However, this model
predicts a steeper decline at late times. Even in the non-spreading jet model, the expected decay
index is α = 3(p−1)/4+3/4 ∼ 2.05 (ISM) or (3p−1)/4+1/2 ∼ 2.30 (wind medium) for p = 2.74,
which is steeper than the observed value α = 1.85 ± 0.04. If we rely on the rather high value of p
obtained from the SED modelling, we can rule this geometrical model out.

The nature of magnetic fields that are generated in shock instabilities is not yet fully under-
stood. The microscopic-scale tangled magnetic fields may decay so rapidly in the downstream of
the shock that they could not account for the observed synchrotron flux (e. g. Sironi et al. 2015).
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Alternatively, the forward-shock region could have magnetic field turbulence on large scales, com-
parable to the width of shocked region ∼ R/16Γ (e. g. Sironi & Goodman 2007). In this case, the
PD and PA temporally change in a random manner, and PD ∼ 70%/

√
N, where N is the number of

patches with a coherent magnetic field within the angular scale 1/Γ Gruzinov & Waxman (1999).
Kuwata et al. (2023) constructed a semi-analytic model with a varying large-scale turbulent field in
the forward-shock region, for which they performed numerical calculations in the case of isotropic
turbulence and zero viewing angle. They obtained a randomly varying PD on a timescale of hours
at a level of ∼ 1−3% and PA with changes that were not limited to 90◦. These properties appear to
be consistent with our data of GRB 210610B. When hydrodynamic-scale turbulent magnetic fields
are assumed, we have two possible scenarios: 1) the ∼ 4%,∼ 0.2%, and ∼ 2% polarisation sig-
nals are all due to turbulent magnetic fields, or 2) the ∼ 4% polarisation signal is due to polarised
refreshed shock emission, and the other two signals are due to turbulent magnetic fields.

For non-spreading top-hat jets with microscopic-scale tangled fields, the PD light curve would
have two maxima around a jet break, with the polarisation PA changing by 90 degrees between
the first and second maximum (Ghisellini & Lazzati 1999; Sari 1999). A possible jet break as-
sociated with the PA change of 90 degrees has been detected for GRB 121024A (Wiersema et al.
2014). We studied a non-axisymmetric top-hat jet model (homogeneous jets with elliptic jet edge)
to determine whether the main features can be explained in this model. Jets like this might be
produced due to the interaction between jets and stellar envelope/neutron star wind ejecta (see
Fig. 1 in Lamb et al. (2022)) or jet precession (Huang et al. 2019). For non-axisymmetric jets, the
PA change can be different from 90 degrees. Following Sari (1999), we estimated the polarisation
light curve and the PA change around a jet break. However, we find that this model does not work
for this event. The main reasons are that a) this model also predicts the steep decay at late times,
as discussed in the geometrical model. b) We needed to fine-tune the timing of the second polari-
sation measurement (we need to place the observation precisely in the ”valley” of the polarisation
curve), or equivalently, we needed to fine-tune a combination of parameters that provide the jet
break time. c) In the “valley”, the polarisation needs to be very low (0.18-0.6%), compared to the
earlier observation of ∼ 4%. To achieve this, Stokes u also needs to be almost zero when q flips
sign. According to our rough parameter search (the geometrical parameters were ellipse eccentric-
ity, ellipse orientation, and viewing angle), the eccentricity of the jet edge needs to be lower than
roughly about 0.3. The low eccentricity does not allow the PA change to be significantly different
from 90 degrees (in our example case to fit the polarisation light curve, the PA change is about 80
degrees).

4.6 Conclusions

GRB 210610B presents an exceptional scenario for performing polarimetry on the optical after-
glow of a GRB. The light curve follows a decay-plateau-decay trend with a break after the plateau
phase to a steep decay of the light curve. The SED modelling of the afterglow from X-rays to the
optical indicates a dust free line of sight towards the GRB as well as a low NH . This negligible
amount of dust is confirmed by the low AV value we derive for the host galaxy and is further
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confirmed for the polarisation non-detection on the second polarimetry epoch. We also find that
the GRB is embedded in a low-mass galaxy that seems to have a low amount of metals, which is
indicative of a very young system.

The low amount of dust we find for GRB 210610B allowed us to study the intrinsic polari-
sation of the GRB afterglow. The optical afterglow is polarised at the beginning of the plateau
phase of the light curve, disappears around the break achromatically, and reappears in the final
decay of the light curve. In this complex behaviour, the first epoch seems to be dominated by the
refreshed shock, which could explain the high polarisation value, while in the following epoch, the
polarisation degree drops to zero as the forward shock would be dominating the optical emission.
In the final decay of the light curve, the polarisation increases to ∼ 2% which could be explained
assuming a geometrical model or hydrodinamics-scale turbulent magnetic fields.

Some models predict that GRB afterglow polarisation evolves from high polarisation at early
stages, while the prompt emission or the refreshed shocks dominate, followed by a fast decay of
the polarisation often reaching a zero polarisation. Afterwards, the polarisation again increases
to moderate/low values, including changes in the polarisation position angle (see Covino & Gotz
(2016) for a review). To better understand the polarisation evolution of GRBs, we should pursue
two approaches: On one hand, we need to study polarisation throughout different GRB light curve
phases, and on the other hand we need to obtain larger samples of GRBs.
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Chapter 5

The SHOALS Sample. Integrated
properties of long GRB host galaxies.
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Integrated properties of long GRB host galaxies.

5.1 Introduction

Over the last years, the GRB progenitor problem has become in a true problem. The commonly
accepted division between long and short GRBs is not always clear from the duration of the prompt
emission and its hardness (see Rastinejad et al. 2022 for an example of a long GRB that originated
from a compact object binary merger). The host galaxy properties might help to find a solution for
these cases. Long GRB host galaxies are actively star forming galaxies while for short GRBs the
galaxy type seems to be more heterogeneous with lower star formation rates than for long GRB
hosts (see e.g. Nugent et al. 2022; Fong et al. 2022; O’Connor et al. 2022).

Long GRBs are expected to originate from low metallicity massive stars at the end of their
lives. They have been found to coincide temporally and spatially with observed type Ic-BL su-
pernovae. Since the progenitor star is very massive, it is expected to have a short evolution time,
which implies recent star formation activity at the GRB position in the host galaxy (see Sect. 1.3.1
for an extensive explanation and references). Observations of the underlying host galaxy have re-
vealed that long GRBs are found in the brightest regions of their host galaxies (Lyman et al. 2017)
and that they are actively star forming galaxies (Palmerio et al. 2019). Long GRB host galaxies
studies are an unique tool to investigate the star formation rate (SFR) accross cosmic time since
GRBs can be detected at many redshifts (see e.g. GRB 210905A at z > 6 Saccardi et al. 2023)
and in many different galaxy, from small dwarfs (Thöne et al. 2021) to massive galaxies (see e.g.
Thöne et al. 2024).

It is still not possible to detect directly these long GRB progenitors due to these large distances.
Therefore, we can use host galaxies studies as an indirect tool to infer properties of the stellar
population and star forming activity at the GRB site. Previous works on this topic have shown
that long GRBs usually happen in metal poor galaxies (see e.g. Perley et al. 2016b; Palmerio
et al. 2019) although some have been found in solar-metallicity host galaxies (see e.g. Heintz et al.
2018a). When resolved observations are possible, long GRBs are shown to happen in star forming
and metal poor regions of their host galaxies, which do not necessarily have to be low mass and
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metal poor overall. (Thöne et al. 2021, 2024). This suggest that long GRBs might happens only if
metallicity is below a certain threshold (Schulze et al. 2015; Perley et al. 2016b).

Compared to field galaxies, long GRB hosts have a higher star formation rate and especially,
a higher specific star formation rate i.e., the SFR per stellar mass unit (Schulze et al. 2018). It has
been suggested that long GRBs occur primarly in starburst galaxies (Perley et al. 2015) but this is
not the only place where long GRBs can happen. The star formation rate can also be enhanced via
neutral gas infall onto GRB host galaxies (Michałowski et al. 2016; Thöne et al. 2024; de Ugarte
Postigo et al. 2024) and through galaxy encounters (see e.g. Thöne et al. 2009). In both cases, the
SFR increases leading to the formation of GRB progenitors.

In this Chapter we will explore different physical properties of the Swift GRB host-galaxy
legacy survey (SHOALS) sample (see Sect. 1.4.1 using Spectral Energy Distribution (SED) tech-
niques fitting the available photometry from the SHOALS sample to a galaxy SED template and
compute different parameters and characterize long GRB hosts over a large and unbiased sample.

5.2 Sample and analysis

The SHOALS project includes deep observations of GRB host galaxies of bursts detected in the
Swift era down to 2012 and covering the mid-IR spectral range with observations at 3.6 and 4.5 µm
obtained under a large program with Spitzer, with additional observations in the optical and NIR
from different facilities, including the Hubble Space Telescope (HST). The sample is selected from
GRBs detected with the Swift satellite from 2005 to 2013 using different criteria and focusing on
collapsar-origin long GRBs. To assess compliance of this condition, the sample is constructed
by imposing, among other properties, a cut on the GRB fluence of S 15−150keV < 10−6 erg cm−2.
This criterion removes almost all short GRBs from the sample, except for GRB 060614 and
GRB 080503 that are not included in the sample as they present properties that resemble those
of merger-driven GRBs. Most of the host galaxies have a confirmed redshift from either afterglow
spectroscopy or from host galaxy spectroscopy. From the initial sample of the SHOALS cataloge
with a total of 119 objects (Perley et al. 2016a,b), we selected a sample for those objects with at
least 5 detections in different photometric bands and a secure redshift determined via absorption
line spectroscopy in the GRB afterglow or through absorption or emission line spectroscopy of the
host galaxy. This sample is includes a total of 61 long GRB host galaxies. This ensures a wide
spectral coverage which is crucial when performing SED fitting analysis (Pforr et al. 2012).

SED fitting codes usually have different models for each component that contribute for the final
fitted SED, as indicated in Sect. 2.3. Following Pacifici et al. 2023 we select those modules that
better match the characteristic of the sample and the available data and we also selected the SED
fitting code that is more consistent with the sample characteristics. The CIGALE SED fitting code is
a useful tool to derive physical integrated properties when infrared data is available (Boquien et al.
2019). and chose the models that fits better to the data and galaxy characteristics. The computed
output values have been obtained using a probability density function (PDF), taking the mean and
standard deviation for each computed parameter.

To model the star formation rate, we chose the implemented delayed star formation rate func-
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tion as indicated in Sect. 2.3. The star formation history (SFH) is modeled following an expo-
nential SFR and allowing for a late burst of constant SFR and an age for the main population
that will be smoothed by an e-folding time. This is motivated by the results found in Pforr et al.
(2012) in which more simple SFH functions might understimate the star formation rate. To avoid
fitting biased in a best-effort basis, we let the age of the main stellar population to vary from 1 to
13 Gyr with a recent burst of 20 to 100 Myr. We assume that part of the total stellar mass of the
galaxy is generated in this late burst that we estimate to contribute 10 to 30 % of the total stellar
mass. Since we assume the GRB not to happen in a late burst, we let the e-folding time τ of the
main stellar population to change from 0.1 to 13 Gyr. This way, we model the SFH to vary from a
quasi-constant star formation to a increasing or decreasing SFR.

The stellar synthesis models of Bruzual & Charlot (2003) are used to fit the stellar population,
the initial mass function is taken from Chabrier (2003) using low metallicity to solar and super-
solar metallicity values, which allows for the possibility of long GRBs happening in more evolved
host galaxies. We assume a minimum separation age of 10 Myr between the young and old stellar
populations, without imposing a strict boundary beyond this threshold. The nebular emission is
modeled assuming that its metallicity is lower than for the stellar population, therefore, as the
maximum value for the metallicity is a super-solar value, we bias the nebular metallicity to vary
from the lowest value of the stellar component up to the solar value i.e., Z = 0.02.

The dust attenuation is modelled using a Calzetti et al. (2000) modified law in which the
nebular lines attenuation is modelled separately from the stellar component. The nebular lines
are attenuated with values for the E(B − V)lines that range from nearly negligible extinction up
to 2 magnitudes. We assume that the color excess of the nebular lines is related to the stellar
component color excess with a factor of 0.44 as found for local starburst galaxies (Calzetti et al.
2000). We adopt a Large Magellanic Cloud extinction law for the line emission attenuation (Pei
1992) for which the ratio between the extinction in the V-band and the color excess, RV = 3.16.
The spectral slope of the attenuation curve is free to change between -1.0 and 1.0, accordingly to
Corre et al. (2018).

As dust absorbs the UV photons emitted by massive stars heating it and then being re-emitted
in the IR, specially at larger wavelengths, we use the Dale et al. (2014) models for dust emission
which depends only in the AGN emission fraction (assumed to be zero) and α, which correspond
to the exponent of the radiation field intensity. As the galaxies are detected at larger wavelengths
than NIR values, it is fixed to α = 2.0 accordingly to the results from Dale & Helou (2002).

5.3 Results

From the SED fit to the SHOALS photometry we compute different integrated properties, total
stellar mass, the SFR and the visual extincition. We compute the stellar age for the main stel-
lar population and the metallicity of the stellar component. We include the rest-frame module
available in CIGALE, to retrieve the rest-frame luminosity of the fitted SED for each host and in
different bands. Our results for the stellar mass, the SFR, AV and the main stellar population age
are presented in Tab. 5.1.
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Figure 5.1: Star formation rate for long GRB hosts increasing with the stellar mass. In gray scale
we show the derived values for field galaxies as obtained from optical and IR photometry in Chang
et al. (2015). We do not show error-bars for clarity.

When using SED fitting techniques, we typically fit the continuum emission. Hence we take
into account the stellar continuum contribution to the galaxy light and not only the hot gas emis-
sion. This approach makes SED fitting a good proxy to derive the total stellar mass as we are not
biasing this measurement to galaxy regions with warm gas from massive and young stars.

The stellar mass of the SHOALS sample follows the general trend for field galaxies, with an
increasing SFR towards more massive host galaxies (see in Fig. 5.1). We compare our results
with those presented in Chang et al. (2015). Who apply SED fitting methods to optical and IR
photometry for 858,365 field galaxies detected in the SDSS and WISE surveys. Their sample
covers the redshift range 0.0 < z < 0.6 with the majority of them at z < 0.2. Although the
comparison is not fully consistent (since the redshift ranges are different), we conclude that long
GRB host galaxies have a higher SFR than for the bulk of field galaxies, falling at the upper part
of the Chang et al. 2015 sample. This further confirms that long burst are far more common in
galaxies with high SFR, with values varying in the range −1.0 < log (S FR) < 3.0 M�/yr but with
most of them at SFR > 0.5 M�/yr, than those with less activity. This is indeed consistent with
previous results on SFR at higher redshift (Madau & Dickinson 2014). It is also interesting that
most host galaxies are low mass galaxies although they are not in the lowest end for the mass
distribution compared to field galaxies.

An indicative measure of the star formation activity in host galaxies is the specific star for-
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Figure 5.2: Long GRB hosts specific SFR evolution with the stellar mass on top of the values from
Chang et al. (2015). We do not show error-bars for clarity.

mation rate (sSFR), the SFR relative to the total stellar mass. High values of sSFR imply high
efficiency creating new stars in the host galaxy as the measured SFR is strongly contributing to
the total stelar mass. I Fig. 5.2 we see that long GRB hosts show the highest values for the sSFR
compared to field galaxies. These host galaxies are actively forming stars at a high rate despite the
host are relatively massive.

Comparing computed stellar mass to the stellar age for the main stellar population, we see in
Fig. 5.3 that the majority of the host galaxies have low values for the stellar age with most of the
host being younger than 2.5 Gyrs. We also see that lower ages are more common in more massive
host galaxies while less massive galaxies present a higher fraction of older populations. A similar
trend is found for the SFR, those galaxies with older stellar populations have lower SFRs while
the opposite happens for hosts with younger ages for the main stellar population

The evolution of the stellar mass as well as the SFR with redshift is shown in Fig. 5.4. We
clearly see that both properties increases with redshift. This could simply be an observational bias
since at larger distances only brighter objects can be detected. However it is surprising that at
redshifts lower than ∼1, long GRB hosts generally shows lower masses than hosts beyond this cut.
This is consistent with Perley et al. 2016b where they find this evolution of the stellar mass with
redshift. This evolution is also present for the SFR although the difference is not so significant as
for the mass. The evolution of the SFR as well as the weak increase of the stellar mass at z > 1.0
is consistent with findings in Palmerio et al. 2019.



Integrated properties of long GRB host galaxies.

Figure 5.3: Comparison of the computed star formation rate and total stellar mass of long GRB
hosts with the age of the main stellar population of the host galaxy. We do not show error-bars for
clarity.

The SFR is strongly affected by the extinction when modeling the galaxy SFR. This is due to
dust absorbing the UV photons heating it and afterwards re-emitted in the IR (Walcher et al. 2011).
The SFR estimated from UV-SED fitting is typically found to be underpredicted (Conroy 2013).
This issue can be handled if IR photometry is available which recovers dust obscuration of the UV
light (Boquien et al. 2019). With the CIGALE fitting code this degeneration would be accounted
as for the SFR and the AV are fitted taking into account the attenuation curve. This permit us to
obtain a robust measurement of the SFR (Buat et al. 2014). We thus also check whether there is
an evolution of the SFR with the extinction in the V-band. In Fig. 5.5 we see that despite the
computed AV for long GRB hosts is high, the overal SFR does not seems to change significantly.
The majority of the objects in the sample seems to have a high extincion of AV ∼1 while the SFR
seems to be around the same range without presenting a trend with AV .

The rest-frame luminosity has been computed in different bands using SDSS optical filter re-

Figure 5.4: Star formation rate (left) and stellar mass (right) evolution with redshift. We do not
show error-bars for clarity.
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Figure 5.5: Dependence of the extincition in the V-band (AV ) with the star formation rate of the
host galaxy. We do not show error-bars for clarity.

Figure 5.6: Apparent magnitud of rest-frame computed r-band luminosity (left) and r-band Abso-
lute magnitude (right) evolution with redshift. We do not show error-bars for clarity.

sponse curve and we have calculated the r-band magnitude for all the SHOALS sample selected
targets. We see in Fig. 5.6 that the sample is generally tracing low luminosity galaxies with an
evolution in redshift towards brighter targets. This result is consistent with the evolution of the
stellar mass and the SFR with redshift (see Fig. 5.4) as there is a contribution of the SFR to the
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total galaxy light that is typically higher at higher redshift (Madau & Dickinson 2014).
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Table 5.1: Computed integrated properties using the CIGALE code as indicated in Sect. 5.2

Host Redshift χ2
red log(M∗/M�) log(SFR) sSFR AV Age Z/Z∗

(yr−1) (Gyr)

GRB050315 1.9500 0.07 9.64+0.12
−0.09 0.79+0.20

−0.13 1.42 ± 0.61 0.27 ± 0.23 2.12 ± 0.78 0.0144

GRB050401 2.8983 0.88 9.55+0.18
−0.13 0.84+0.20

−0.14 1.96 ± 0.97 0.61 ± 0.29 1.46 ± 0.50 0.0116
GRB050822 1.4340 0.31 9.77+0.14

−0.10 0.88+0.25
−0.16 1.28 ± 0.65 0.55 ± 0.30 2.40 ± 1.10 0.0146

GRB050922B 4.5000 1.80 10.01+1.66
−0.30 1.44+1.88

−0.30 2.72 ± 3.78 0.97 ± 0.75 1.00 ± 0.00 0.0127
GRB051001 2.4296 0.99 9.85+0.07

−0.06 1.21+0.09
−0.07 2.27 ± 0.54 0.36 ± 0.10 1.29 ± 0.45 0.0091

GRB051006 1.0590 1.04 10.34+0.14
−0.11 1.36+0.32

−0.18 1.06 ± 0.63 1.01 ± 0.42 2.99 ± 1.36 0.0244
GRB060115 3.5328 0.69 9.57+0.30

−0.40 1.33+0.30
−0.40 5.70 ± 12.10 1.47 ± 0.98 1.00 ± 0.00 0.0107

GRB060202 0.7850 2.46 9.01+0.32
−0.18 0.81+0.31

−0.18 6.23 ± 4.56 1.20 ± 0.28 3.55 ± 1.72 0.0142
GRB060204B 2.3393 1.26 9.83+0.13

−0.10 1.60+0.36
−0.19 5.79 ± 3.58 0.65 ± 0.26 1.46 ± 0.50 0.0099

GRB060210 3.9122 2.47 9.92+0.52
−0.23 1.84+1.26

−0.29 8.42 ± 9.88 0.97 ± 0.74 1.00 ± 0.00 0.0071
GRB060218 0.0331 0.74 7.74+0.13

−0.10 −1.89+0.21
−0.14 0.23 ± 0.11 0.12 ± 0.05 8.63 ± 2.94 0.0061

GRB060306 1.5590 0.78 10.20+0.15
−0.11 1.70+0.33

−0.19 3.17 ± 1.92 1.67 ± 0.30 2.52 ± 1.11 0.0099
GRB060719 1.5320 0.02 9.56+0.20

−0.14 1.21+0.41
−0.21 4.51 ± 3.23 1.09 ± 0.34 2.57 ± 1.11 0.0145

GRB060729 0.5428 2.45 8.55+0.17
−0.12 −0.36+1.04

−0.28 1.24 ± 1.20 0.90 ± 0.21 4.39 ± 2.35 0.0061
GRB060814 1.9229 0.06 10.38+0.23

−0.15 1.94+0.41
−0.21 3.64 ± 2.66 1.05 ± 0.35 2.02 ± 0.81 0.0134

GRB060912A 0.9370 0.99 9.44+0.19
−0.13 1.44+0.19

−0.13 9.85 ± 4.91 0.73 ± 0.20 3.77 ± 1.68 0.0146
GRB061007 1.2622 0.34 9.05+0.19

−0.13 0.76+0.53
−0.23 5.09 ± 4.00 0.64 ± 0.40 2.98 ± 1.41 0.0088

GRB061021 0.3463 0.54 7.72+0.23
−0.15 −0.73+0.90

−0.27 3.52 ± 3.39 0.63 ± 0.39 4.65 ± 2.60 0.0073
GRB061110A 0.7578 0.53 8.19+0.32

−0.18 −0.10+0.58
−0.24 5.13 ± 4.61 0.94 ± 0.49 3.98 ± 2.01 0.0113

GRB061121 1.3145 1.01 9.93+0.17
−0.12 1.38+0.53

−0.23 2.81 ± 2.18 0.59 ± 0.30 2.58 ± 1.11 0.0137
GRB061202 2.2530 0.48 9.67+0.17

−0.12 1.45+0.35
−0.19 6.03 ± 3.86 0.83 ± 0.31 1.54 ± 0.50 0.0176

GRB061222A 2.0880 2.24 9.37+0.23
−0.15 1.33+0.85

−0.27 8.93 ± 8.49 1.36 ± 0.74 2.00 ± 0.82 0.0060
GRB070110 2.3521 0.89 11.11+−1.04

−1.11 2.69+−0.65
−0.81 3.81 ± 49.95 1.45 ± 1.32 1.50 ± 0.50 0.0110

GRB070129 2.3384 1.87 9.80+0.13
−0.10 1.50+0.46

−0.22 4.99 ± 3.52 0.80 ± 0.35 1.50 ± 0.50 0.0094
GRB070223 1.6295 0.39 9.21+0.15

−0.11 1.03+0.29
−0.17 6.51 ± 3.71 0.29 ± 0.21 2.26 ± 1.14 0.0101

GRB070306 1.4959 0.19 10.21+0.18
−0.12 1.78+0.53

−0.23 3.70 ± 2.87 1.05 ± 0.38 2.51 ± 1.11 0.0096
GRB070419B 1.9588 0.98 9.77+0.16

−0.11 1.11+0.53
−0.23 2.19 ± 1.68 1.04 ± 0.37 2.06 ± 0.80 0.0098

GRB070508 0.8200 0.65 9.03+0.26
−0.16 0.81+0.32

−0.18 6.04 ± 4.12 1.06 ± 0.28 3.57 ± 1.71 0.0143
GRB070521 2.0865 1.00 10.57+0.33

−0.18 1.98+2.21
−0.30 2.57 ± 2.90 2.20 ± 0.64 2.08 ± 0.80 0.0122

GRB070808 1.3500 0.70 9.26+0.20
−0.14 0.65+0.57

−0.24 2.43 ± 1.99 1.62 ± 0.51 2.57 ± 1.10 0.0103
GRB071021 2.4520 0.99 10.32+0.14

−0.10 2.02+0.30
−0.17 5.04 ± 2.84 1.77 ± 0.27 1.50 ± 0.50 0.0118

GRB071025 4.8000 1.16 10.29+0.28
−0.40 1.99+0.98

−0.32 5.08 ± 9.55 1.63 ± 1.04 1.00 ± 0.00 0.0107
GRB071112C 0.8227 0.41 8.66+0.24

−0.16 0.41+0.39
−0.20 5.54 ± 4.06 0.97 ± 0.33 3.50 ± 1.72 0.0113

GRB080205 2.7200 0.06 9.59+0.19
−0.13 1.30+0.41

−0.21 5.15 ± 3.62 0.56 ± 0.34 1.50 ± 0.50 0.0125
GRB080319A 2.0265 0.35 9.89+0.14

−0.11 1.49+0.56
−0.24 4.03 ± 3.14 1.00 ± 0.37 2.01 ± 0.81 0.0093

GRB080325 1.7800 0.52 10.62+0.23
−0.15 2.37+0.91

−0.27 5.63 ± 5.46 2.56 ± 0.66 2.23 ± 0.80 0.0089
GRB080413B 1.1014 0.50 9.16+0.23

−0.15 0.78+0.65
−0.25 4.14 ± 3.64 1.27 ± 0.44 3.00 ± 1.41 0.0107

GRB080430 0.7670 0.54 8.23+0.23
−0.15 0.22+0.22

−0.14 9.85 ± 5.63 0.70 ± 0.29 4.24 ± 1.95 0.0071
GRB080605 1.6403 2.83 9.70+0.22

−0.14 1.74+0.14
−0.11 11.01 ± 5.31 0.49 ± 0.19 3.23 ± 0.86 0.0200

GRB080805 1.5042 0.47 9.60+0.16
−0.11 1.17+0.42

−0.21 3.75 ± 2.60 1.29 ± 0.34 2.41 ± 1.12 0.0080
GRB080810 3.3604 1.73 9.51+0.09

−0.07 1.70+0.07
−0.06 15.66 ± 3.79 0.18 ± 0.07 1.00 ± 0.00 0.0074

GRB080916A 0.6887 0.65 8.86+0.22
−0.15 0.57+0.42

−0.21 5.15 ± 3.79 0.71 ± 0.30 3.87 ± 2.01 0.0091
GRB081109A 0.9787 1.08 10.00+0.21

−0.14 1.64+0.44
−0.21 4.38 ± 3.24 1.16 ± 0.30 3.63 ± 1.69 0.0113

GRB081121 2.5120 0.38 8.98+0.22
−0.15 0.64+0.41

−0.21 4.56 ± 3.35 0.31 ± 0.26 1.44 ± 0.50 0.0090
GRB081210 2.0631 1.52 10.07+0.12

−0.09 1.27+1.61
−0.30 1.56 ± 1.57 1.03 ± 0.39 1.92 ± 0.83 0.0068

GRB081221 2.2600 0.29 10.79+0.16
−0.12 2.19+0.19

−0.13 2.50 ± 1.18 2.87 ± 0.32 1.55 ± 0.50 0.0127
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Table 5.1: Continued.

Host Redshift χ2
red log(M∗/M�) log(SFR) sSFR AV Age Z/Z∗

(M∗/yr−1) (yr−1) (Gyr)

GRB090404 3.0000 1.40 10.49+0.14
−0.11 2.04+0.29

−0.17 3.51 ± 1.97 1.48 ± 0.29 1.51 ± 0.50 0.0129
GRB090417B 0.3450 0.62 9.40+0.13

−0.10 0.11+0.32
−0.18 0.51 ± 0.30 0.93 ± 0.13 5.32 ± 2.33 0.0078

GRB090418A 1.6080 0.96 9.15+0.16
−0.12 1.22+0.16

−0.12 11.79 ± 5.18 0.38 ± 0.19 2.60 ± 1.12 0.0094
GRB090424 0.5440 0.31 9.30+0.23

−0.15 1.07+0.35
−0.19 5.94 ± 4.13 1.10 ± 0.28 4.50 ± 2.33 0.0105

GRB090618 0.5400 2.42 8.84+0.22
−0.15 0.25+0.60

−0.24 2.54 ± 2.15 0.88 ± 0.35 4.10 ± 2.29 0.0088
GRB090709A 1.8000 0.77 9.41+0.21

−0.14 1.13+0.69
−0.25 5.15 ± 4.56 1.45 ± 0.47 2.02 ± 0.81 0.0104

GRB090715B 3.0000 0.07 9.93+0.45
−0.22 1.59+0.72

−0.26 4.57 ± 4.73 1.04 ± 0.57 1.51 ± 0.50 0.0111
GRB090814A 0.6960 0.57 8.91+0.23

−0.15 0.49+0.59
−0.24 3.87 ± 3.27 0.92 ± 0.29 3.69 ± 2.06 0.0066

GRB090926B 1.2400 0.48 10.00+0.15
−0.11 1.35+0.53

−0.23 2.24 ± 1.71 0.74 ± 0.28 2.91 ± 1.40 0.0080
GRB091018 0.9710 0.56 9.38+0.20

−0.14 0.89+0.56
−0.24 3.22 ± 2.63 0.63 ± 0.34 3.42 ± 1.71 0.0118

GRB091127 0.4900 0.69 8.65+0.22
−0.14 0.16+0.59

−0.24 3.23 ± 2.71 0.72 ± 0.30 3.93 ± 2.31 0.0056
GRB100615A 1.3980 0.25 9.27+0.12

−0.09 0.39+0.22
−0.14 1.31 ± 0.60 0.33 ± 0.25 2.41 ± 1.11 0.0141

GRB100621A 0.5420 1.76 9.34+0.10
−0.08 0.75+0.10

−0.08 2.56 ± 0.73 0.30 ± 0.24 1.09 ± 0.28 0.0236
GRB100814A 1.4400 4.33 9.12+0.16

−0.12 0.56+0.17
−0.12 2.73 ± 1.23 0.48 ± 0.32 1.04 ± 0.21 0.0500

GRB120119A 1.7280 1.32 9.64+0.06
−0.05 1.04+0.06

−0.05 2.51 ± 0.46 0.48 ± 0.07 1.15 ± 0.37 0.0084

5.4 Discussion

The environment in which GRBs occur may play a critical role in facilitating these explosions. The
collapsar model suggests that long GRB progenitors require massive stars with low metallicity
to produce GRBs (Yoon et al. 2006). Such stars are typically formed in star-forming galaxies.
Consequently, long GRB host galaxies are expected to be low-metallicity, star-forming galaxies.
Hereafter, we refer to collapsar-origin GRBs as long GRBs, as all the host galaxies in the sample
are associated with long GRBs resulting from the collapse of massive stars.

In this chapter, we derived integrated properties such as the star formation rate (SFR) and
stellar mass for a sample of 61 long GRB host galaxies using SED fitting techniques. Our re-
sults indicate that long GRBs occur in galaxies with high SFRs, which are among the highest
values observed compared to field galaxies (see Fig. 5.1). However, we note that the Chang et al.
2015 sample is limited to z < 0.6 galaxies, while the SHOALS survey spans a broader redshift
distribution.

We also find that SFR increases with redshifts (see Fig. 5.4), consistent with previous find-
ings for long GRB hosts. Specifically, the computed SFR values are higher than those of typical
star-forming galaxies and increase with redshift (Krühler et al. 2015; Palmerio et al. 2019). Ad-
ditionally, we observe that SFR decreases as the stellar age of the dominant population increases
(see Fig. 5.3), while AV increases with SFR (see Fig. 5.5). This evolution with AV can be ex-
plained by the general tendency of star-forming galaxies to become dustier. At higher SFRs, AV

increases, and the dominant stellar population is younger. This is further supported by the specific
star formation rate (sSFR), which we find to be at the upper end of the distribution compared to the
Chang et al. 2015 sample of field galaxies (see Fig. 5.2). The sSFR, which measures how much
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stellar mass in a galaxy is due to ongoing star formation, is notably high for our sample.

The overall stellar mass distribution for the GRB host sample is lower than that for field galax-
ies (see Fig. 5.1). However, the distribution does not appear to be entirely biased toward low-mass
galaxies, some hosts are consistent with being massive galaxies, in agreement with previous stud-
ies (Perley et al. 2016b; Palmerio et al. 2019). Examining the evolution of stellar mass with
redshift (Fig. 5.4), we observe an increase in stellar mass, particularly at z > 1. In Palmerio et al.
2019, a weak correlation between stellar mass and redshift is reported for the range 1 < z < 2,
which only partially aligns with our findings. While their result suggests that stellar mass evolves
from log(M∗/M�) ∼ 9.0 to ∼ 9.4 at 1 < z < 2, we find that stellar masses can exceed their upper
limit within the same redshift range (see Fig. 5.4). This discrepancy may arise from differences in
methodology, as our analysis includes MIR observations, which they do not. Incorporating MIR
data is crucial for accurately estimating the total stellar mass because dust-absorbed UV radiation
from massive stars is re-emitted in these wavelengths.

We also observe that at higher redshifts, GRBs tend to trace more massive galaxies. This trend
could reflect an observational bias, as only the brightest galaxies are detected (see 5.4 and 5.6).
At lower stellar masses, the dominant stellar population tends to be older (see Fig. 5.3) , which,
combined with a lower SFR, suggests a reduced efficiency in star formation and, consequently, in
producing GRBs.

A key parameter for GRB production is the host galaxy metallicity. In our sample, we fit long
GRBs by allowing metallicity to vary from metal-poor stellar populations to solar and super-solar
metallicities. In most cases, the dominant stellar population is fitted to sub-solar metallicity (see
Tab. 5.1). However, there are exceptions, such as the hosts of GRB 080605 and GRB 100814A,
for which we derive solar and super-solar metallicities, respectively (although we note that the
reduced-χ2 values for these fits are very high). Our findings are consistent with previous studies,
which also report sub-solar metallicities for the hosts of long GRBs (Krühler et al. 2015; Perley
et al. 2016b; Palmerio et al. 2019).

The high SFR, low metallicity, and relatively low stellar masses we derive are generally consis-
tent with previous studies (Krühler et al. 2015; Perley et al. 2016b; Palmerio et al. 2019). However,
it is important to note that, while these properties align with the characteristics of low-metallicity,
highly star-forming galaxies, there are some exceptions. For example, Heintz et al. 2018a found
that the host galaxy of GRB 160804A is massive and metal-rich, indicating that long GRBs can
also occur in more evolved galaxies.

To date, only a few long GRB host galaxies have been studied in detail using resolved observa-
tions. Such studies have revealed that GRB sites within their host galaxies are typically regions of
high SFR, low metallicity, and high specific SFR (Christensen et al. 2008; Thöne et al. 2014; Izzo
et al. 2017). A notable example is GRB,171205A, whose host is a massive spiral galaxy. Despite
the galaxy’s overall characteristics, the GRB site itself is a metal-poor, star-forming region with a
young stellar population (Thöne et al. 2024). This finding aligns with results based on integrated
properties and reinforces the evidence from resolved and spectroscopic studies that long GRBs
occur in metal-poor, star-forming environments.

It is interesting to compare the differences between collapsar-origin GRBs and merger-origin
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GRBs, which are traditionally associated with short GRBs. To do this, we compare our results with
those obtained by Nugent et al. 2022 for a sample of 69 short GRB host galaxies using photometric
data from Fong et al. (2022). We show how these results compare to the Chang et al. 2015 sample
of field galaxies in Fig. 5.7. The Nugent et al. 2022; Fong et al. 2022 sample is more consistent
with field galaxies and quite different from long GRB host galaxies. While long GRB hosts have
higher SFRs compared to the bulk of field galaxies, Nugent et al. 2022 finds that a majority of
short GRB hosts (∼ 84%) are star-forming galaxies with SFR values comparable to those of field
galaxies. Short GRB host galaxies are not biased towards massive, metal-rich galaxies; instead,
their metallicity fits show a broad spread across a wide range for short GRB hosts. This is in clear
contrast to long GRB hosts, which are more commonly associated with sub-solar metallicities.
However, we find that the stellar masses of long GRB hosts are not significantly different from the
distribution of short GRB hosts.
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Figure 5.7: Comparison of the SFR-Stellar Mass relation for long GRB hosts with the same rela-
tion (blue dots) for short GRB host and data from (Nugent et al. 2022). We also compare to field
galaxies. We do not show error-bars for clarity.

To summarize, we find significant differences from our results for collapsar-origin GRB hosts
and other transients. Long GRB hosts galaxies have larger SFR when comparing to merger-origin
GRBs (Nugent et al. 2022). Some difference also exist to short GRB host galaxies, that are slightly
more massive although from Fig. 5.7, the distinction is not completely clear. Long GRBs seems
to occur more in sub-solar metallicity environment while short bursts does not show a metallic-
ity preference (Nugent et al. 2022). However, we note that the computed uncertainties for most
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properties remain high, except for the stellar mass. This may indicate that while the stellar mass
is well constrained, the star formation history (SFH) might be degenerate due to the limitations of
the assumed SFH model or the incomplete UV-to-NIR coverage, despite the broad spectral range
of the SHOALS sample. This could also explain the large uncertainties in properties such as age
and extinction (see Tab. 5.1).

Overall, we find that the high SFR, AV , specific star formation rates, the relatively low masses,
metallicity and the dominant intermediate-age stellar populations together with dust content are
positioning these host galaxies as outliers when comparing them with field galaxy. These results
are consistent with previous works where it was already suggested that long GRB hosts have these
characteristics (Krühler et al. 2015; Perley et al. 2016b; Palmerio et al. 2019). Our results support
the idea of collapsar-origin GRBs trace the most active star-forming galaxies and that they are
far more common in low metallicity environments. We then conclude that integrated properties
studies of GRB host galaxies are an important tool to distinguish between merger and collapsar
GRBs as well as to understand the mechanisms that trigger these explosions.
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Chapter 6

Conclusions

In this thesis, we have presented several studies to constrain the various properties of Gamma-ray
Bursts (GRBs) related to the environments in which they occur and their progenitors. The analysis
makes use of a wealth of data, combining spectroscopy, photometry, and photopolarimetry of the
afterglow emission, as well as spectral energy distribution (SED) techniques applied to data for
the host galaxy. The main conclusions of this thesis are outlined below.

In Chapter 3, we presented the analysis of two short GRBs originating from the merger of two
neutron stars (NS) (Agüı́ Fernández et al. 2023). We conducted a study of the afterglow emission
of both short GRBs using spectroscopic data obtained with ground-based facilities. GRB 160410A
was observed using the X-shooter spectrograph at the VLT, and GRB 201221D was observed with
OSIRIS/GTC, with the aim of determining their redshifts and uncovering the chemical composi-
tion and ionization of their environments. We also utilized photometric data obtained with differ-
ent instruments to study the light curve evolution of GRB,160410A and performed photometric
observations of the host galaxies of both GRB 160410A and GRB 201221D, which led to a non-
detection for the former.

GRB 160410A represents the first study in depth of the ISM of a short GRB host conducted
through absorption line spectroscopy of its afterglow emission and the first metallicity determina-
tion for a short GRB environment. The GRB was located at a redshift of 1.7177, the highest ever
detected for a merger GRB from its afterglow spectrum. The GRB spectrum shows broad neutral
hydrogen absorption, consistent with a Damped Lyman-α (DLA) system. We measured a metal-
licity of [Fe/ H] = -2.5, the lowest ever recorded for a GRB-DLA. We also find an environment
with very low ionization compared to the long GRB sample of de Ugarte Postigo et al. 2012. Dust-
depletion analysis revealed no depletion of elements, which is consistent with the non-detection
of dust along the line of sight from the SED analysis of the GRB light curve.

Deep observations in the r-band with OSIRIS/GTC and in the 3.6µm channel with Spitzer
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did not detect the GRB host galaxy. From the Spitzer observations, we derive an upper limit for
the stellar mass of the host galaxy, M∗ . 1.14 × 109,M�, indicating that the underlying host
galaxy must be a low-mass galaxy. We did not detect a galaxy in the GRB field close enough to
be identified as its host. Together with the detection of a metal-poor DLA system and the non-
detection of an underlying host galaxy down to deep limits, this suggests that the host at the GRB
location is more similar to a faint dwarf galaxy than to a massive galaxy. For GRB 201221D ,
we find an underlying massive, star-forming host galaxy, which is more consistent with previous
results for short GRB hosts but very different from the host of GRB 160410A.

This study has revealed that rapid follow-up of merger GRBs is crucial for observing these
transients with deep observations to uncover their ISM characteristics. We show that the immedi-
ate environment of short GRBs has diverse characteristics, supporting the idea that merger bursts
do not appear to be biased toward evolved galaxies.

In Chapter 4, we investigate the GRB afterglow of the collapsar-origin long GRB 210610B and
its host galaxy (Agüı́ Fernández et al. 2024). We performed imaging polarimetry observations of
the GRB afterglow emission using CAFOS/CAHA and FORS2/VLT. We also observed the GRB
spectroscopically with OSIRIS/GTC and obtained photometric data of both the afterglow and the
GRB host galaxy using different facilities. The GRB light curve follows a decay-plateau-decay
trend, with a steep decay in the final stage. The polarimetry measurements show that the GRB
was polarized at the beginning of the plateau phase, with a polarization degree of ∼4.2%, before
evolving to unpolarized light at the end of the plateau. We observe the polarization disappearing
at the end of the plateau in different bands. Finally, the polarization increased again to ∼2% during
the final steep decay of the GRB light curve.

The light curve SED modeling from X-rays to the optical shows no dust along the line of
sight and a low column density of neutral hydrogen. This is further confirmed by the low AV

we obtain from the SED fitting of the GRB host galaxy. We also find that the host galaxy is a
low-mass, star-forming, and metal-poor galaxy based on the SED fit. This is supported by the
spectroscopic observations of the GRB afterglow, from which we infer a low amount of metals
and low ionization values, indicative of very young stellar populations when compared to the de
Ugarte Postigo et al. 2012 sample.

The lack of dust along the line of sight allows us to observe the intrinsic GRB polarization. The
GRB polarization seems to be dominated by the refreshed shock in the first epoch. The polarization
disappears afterward, when the forward shock dominates the emission, and then increases again to
relatively low values, which could be explained by assuming magnetic fields at a hydrodynamical
scale or a geometric model.

GRB 210610B occurred in a dust-free, low-mass, metal-poor, young environment with a high
star formation rate. Its afterglow polarization appears to be dominated by different shocks at
early stages, while various models could explain the later observations. We conclude that further
polarimetry observations, along with photometric observations of the GRB, may help to better
understand afterglow polarization.

Polarimetric analysis of GRB afterglows is highly relevant for understanding the physics that
dominates this emission. However, the available observations using this technique are still limited,



123

and the analyses are too varied to be fully comparable. In the near future, we will systematically
study all available GRB observations using imaging polarimetry and expand the sample as opti-
cally bright GRBs are detected.

In Chapter 5, we study the integrated properties of collapsar long GRB host galaxies using the
CIGALE SED fitting code. We used observations based on The Swift GRB Host-Galaxy Legacy
Survey (SHOALS) (Perley et al. 2016a,b) complemented by observations at VIS and NIR wave-
lenths, from which we selected a sample of 61 objects with secure redshift measurements and
photometric observations in various bands covering a wide spectral range. We fitted the stellar
mass, the SFR, the age of the main stellar population, its metallicity, and the dust attenuation. This
is the largest sample of long GRB host properties to date.

In general, long GRB hosts show very high values for the SFR across a wide range of stel-
lar masses. While at z < 1 the SFR has relatively low values (although still significantly high)
compared to higher redshifts, at z ≥ 1 the evolution steepens, with a broader spread of SFR values
beyond z ≥ 2. We do not find a correlation between the SFR and AV , but we observe that higher AV

is more common in highly star-forming galaxies, while the SFR distribution at values of AV < 1.5
mag is more dispersed.

The stellar mass distribution of the analyzed sample covers a wide range of values, with only
one-third of the objects being consistent with dwarf galaxies (log (M∗/M�) . 9.3). However, we
do not find that long GRB hosts are concentrated at the lower end of the stellar mass distribution;
in fact, some of them are consistent with massive galaxies. At lower redshifts, long GRBs tend to
occur in less massive galaxies, in a similar manner to their relation with the SFR.

Our results show a very high specific SFR for the entire sample. This is indicative of a strong
contribution from star formation activity to the total stellar mass of the host galaxies. We also find
an overall low metallicity, with only two cases showing solar or super-solar metallicities, and no
evidence of metallicity evolution with redshift.

Overall, collapsar long GRB hosts are galaxies with a high SFR, with a strong contribution
from ongoing star formation to the total stellar mass. Long GRBs occur in low-metallicity envi-
ronments across a wide range of stellar masses, although generally on the lower end. Compared to
merger GRBs, collapsar GRBs occur in galaxies with significantly higher SFR and within a lower
metallicity range. However, we do not find that collapsar GRBs preferentially occur in galaxies
with lower stellar masses than merger GRBs.

The star formation rate of collapsar GRBs is among the highest when compared to star-forming
field galaxies, although the distribution shows some dispersion, particularly at lower masses. This
highlights the importance of characterizing a larger sample of collapsar GRBs, especially fainter
objects at higher redshifts, where the distribution appears to be dominated by more massive galax-
ies. Since the SHOALS sample was obtained for GRBs discovered between 2005 and 2012, many
new collapsar GRBs have been identified, and we plan to extend the analysis to include host galax-
ies of more recent GRBs. Resolved studies have shown that collapsar GRBs occur in regions with
lower metallicity and higher SFR compared to the broader host distribution, suggesting that the
environment plays a crucial role in their production. We also aim to conduct a similar analysis for
merger GRBs to better understand the differences between them and collapsar GRBs.
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A.1 Additional Type I GRBs and Analysis

Further to several Type I GRBs taken from the sample of Kann et al. (2011), we include the
following events for our comparison with GRB 160410A light curve:

A.1.1 GRB 130603B

Data are taken from de Ugarte Postigo et al. (2014b); Pandey et al. (2019); Cucchiara et al. (2013);
Berger et al. (2013). This bright Type I GRB is famous for showing the first clear evidence of a
kilonova signature (Tanvir et al. 2013; Berger et al. 2013), having the first high S/N afterglow
spectrum of a short GRB (de Ugarte Postigo et al. 2014b) and also showing clear evidence for a
jet break (de Ugarte Postigo et al. 2014b; Fong et al. 2014). We fit the joint light curve with a
smoothly broken power-law, finding α1 = −0.24±0.20, α2 = 2.55±0.15, tb = 0.281±0.028 days.
n = 1 has been fixed, and with the exception of UVOT uvm2 and u data, the host galaxy has been
subtracted by the authors of the data sources. We fit the SED (uvm2, u, g′, V, r′, i′, z′, J, K)
with an intrinsic spectral slope of β = 0.65, following de Ugarte Postigo et al. (2014b), and find
a large extinction AV = 0.84 ± 0.11 mag, in full agreement with de Ugarte Postigo et al. (2014b).
Note that this is lower than the result found by Japelj et al. (2015), who find AV = 1.19+0.23

−0.12 mag,
and SMC dust, albeit for a bluer spectral slope β = 0.42+0.12

−0.22.

A.1.2 GRB 150424A

Data are taken from Knust et al. (2017); Jin et al. (2018) as well as GCNs (Malesani et al. 2015;
Butler et al. 2015). The redshift for this GRB is likely unknown, Klose et al. (2019) report spec-
troscopy of a nearby galaxy yields z = 0.2981, however, deep HST imaging reveals a faint ex-
tended red object under the afterglow, likely the host galaxy (Knust et al. 2017; Jin et al. 2018).
Knust et al. (2017) estimate z ≈ 1 from the afterglow SED, a value we adopt here.

We initially fit the afterglow with a broken power-law, and find α1 = −0.01 ± 0.03, α2 =

1.60 ± 0.03, tb = 0.396 ± 0.017 days, n = 10 has been fixed, and no host is included (the late HST
data from Jin et al. 2018 are host-subtracted, and the host is very faint compared to the early data).
However, this fit is statistically bad (χ2/d.o.f. = 3.38), and we find that especially the late-time
HST data decay steeper than the extrapolation of the GROND data, which already indicates a steep
decay, as initially reported by Kann et al. (2015). Using data only after the break (t > 0.5 days),
and setting JG = F125W, we find a best fit with another broken power-law α2,1 = 1.48 ± 0.04,
α2,2 = 2.54 ± 0.21, tb = 4.139 ± 0.739 days, n = 10 fixed, no host. This is fully in agreement
with the results of Jin et al. (2018). For this fit, the SED (g′G, F606W, r′G, i′G, z′G, JG, F160W) is
well-fit by a straight power-law with β = 0.60±0.36, in accordance with the value Jin et al. (2018)
assumed. We note that the SED derived from our initial fit shows more scatter and a shallower
slope, β = 0.31 ± 0.07. Neither show evidence for extinction. As we assume z = 1, dRc = 0.
Finally, we create a further SED by carefully aligning early UVOT data to the white “backbone”,
and connecting that to late data by the early Keck observation (Knust et al. 2017). This SED yields
β = 0.50 ± 0.09, in good agreement with our late-time SED. This likely indicates some intrinsic
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afterglow variability during the early plateau phase which is not captured by our broken power-law
fit.

A.1.3 GRB 160821B

Data have been taken from Lamb et al. (2019); Troja et al. (2019); Kasliwal et al. (2017); Jin
et al. (2018) and the GCN Circulars (Breeveld & Siegel 2016). This short GRB at z = 0.16
(Lamb et al. 2019) is known for its secure detection of a kilonova (Lamb et al. 2019; Troja et al.
2019). It is also the only short GRB so far with an (albeit tentative) detection of VHE emission
(Acciari et al. 2021). As much of the light curve is dominated by kilonova light, we use the X-ray
observations of the afterglow (G. P. Lamb, priv. comm.) as a stand-in, similar to the analysis of
Lamb et al. (2019). We convert the flux densities to pseudo-magnitudes and shift the earliest (post-
extended emission) point to the contemporaneous early optical observations, which are unlikely
to be influenced by kilonova emission (t < 0.1 days). We find that at later times (t ≈ 5 − 10
days) the optical emission in the bluest available bands (g′ and F606W) is in agreement with the
shifted X-ray emission, indicating the kilonova emission has become very red and faded under the
afterglow level in these bands. Spectral information is sparse, but a r′i′z′ SED from early-time
data is fit well by a simple power-law with slope β = 0.62 ± 0.13, therefore we assume no dust, in
agreement with the localisation offset from its host galaxy.

A.1.4 GRB 180418A

Data are taken from Becerra et al. (2019); Rouco Escorial et al. (2021) as well as GCN Circulars
(Guidorzi et al. 2018; Choi et al. 2018; Horiuchi et al. 2018; Misra et al. 2018; Malesani et al. 2018;
Schady 2018; Schady & Chen 2018; Troja et al. 2018). This is an event with a very bright early
afterglow (Becerra et al. 2019) whose classification is unclear, however, the arguments presented
in Rouco Escorial et al. (2021) indicate it is likely a short GRB, therefore we include it in this
sample. The redshift is also unknown, but the host galaxy underlying the afterglow is very faint,
and Rouco Escorial et al. (2021) estimate z ≈ 1.0 − 1.5; similar to GRB 150424A, we adopt z = 1
here. Using data starting 0.00417 days after the trigger (the early emission is dominated by what is
likely a reverse-shock flash, Becerra et al. 2019), and host-subtracting the data from sources other
than Rouco Escorial et al. (2021), we find that using a single-power law decay yields a decay slope
of α = 0.926 ± 0.003, in general agreement with the decay slopes found in Becerra et al. (2019);
Rouco Escorial et al. (2021). Scatter combined with small error bars leads to a statistically bad fit
(χ2/d.o.f. = 5.41). We find this fit can be improved significantly (χ2/d.o.f. = 3.32) by a broken
power-law with α1 = 0.837 ± 0.009, α2 = 1.121 ± 0.014, tb = 0.033 ± 0.004 days, n = 10 fixed,
and no host. The ∆α is likely too small, and the post-break decay too shallow, for this to be a jet
break. The broad SED (uvw2, uvm2, uvw1, u, b, g′, v, r′, i′, z′) shows some scatter, and is blue
(β = 0.43 ± 0.17) with no evidence for dust. The UVOT lenticular filters are somewhat depressed
compared to the rest of the data, especially uvw2, which is what one would expect for z ≈ 1.



128APPENDIX A. EXTENDED ANALYSIS ON THE SHORT/LONG NATURE OF GRB 160410A

A.1.5 GRB 181123B

GRB 181123B was a high-redshift short GRB at z = 1.754 with a bright host galaxy and a faint
afterglow detection (Paterson et al. 2020). It shows extended emission (Dichiara et al. 2021) and
was rapidly observed in the radio bands (Rowlinson et al. 2021; Anderson et al. 2021). As there is
only a single i′ detection, we have no information on colour or potential line-of-sight extinction.
However, as the redshift is nearly identical to that of GRB 160410A, we assume the same dRc to
plot it in the z = 1 frame. Generally, the afterglow is significantly fainter and the host significantly
brighter than in the case of GRB 160410A.

A.1.6 Observed GRB Afterglows

Figure A.1: The afterglow of GRB 160410A (thick blue line) in the context of a large sample of
GRB afterglows. Light curves are corrected for Galactic extinction but otherwise as observed.
Thin grey lines are afterglows of Type II GRBs. Thicker red lines are a selection of afterglows
of other Type I GRB. We have highlighted several. The optical afterglow of GRB 050509B was
undetected, the “light curve” consists of deep upper limits only. GRB 060614 is a peculiar tempo-
rally long-lasting likely Type I GRB, the afterglow shows a very late peak. The other highlighted
afterglows all show early plateau phases. The afterglow of GRB 160410A, seen to be one of the
brightest ever detected (among afterglows of type I GRBs) at very early times, also evinces a
plateau phase, but after an early steep decay.
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Observationally, the afterglow of GRB 180418A, where the classification is unclear (but with
more evidence pointing toward it being a Type I GRB) is the brightest at early times, followed by
that of GRB 160410A. The afterglow of GRB 180418A lacks a plateau phase and at 0.1 days, the
two afterglows are of the same magnitude; however, later on, GRB 180418A decays less rapidly.
Several other afterglows of Type I GRBs, such as the late-rising GRB 060614 and the long-plateau
GRB 150424A, are also brighter at late times.

A.2 Photometric data on GRB 160410A

Table A.1: Photometry of the afterglow of GRB 160410A. Data are given in AB magnitudes and
are not corrected for Galactic foreground extinction. Note that for UVOT data, the given exposure
time is the total time coverage of each observation, for late-time data these values exceed the actual
exposure time.

Time after burst Magnitude Bin Width/ Filter Telescope/Instrument
(days) (AB) Exposure Time

0.062233 21.884+0.670
−0.411 200 uvw1 Swift/UVOT

0.131352 22.564+0.479
−0.331 900 uvw1 Swift/UVOT

0.641592 > 23.195 3001 uvw1 Swift/UVOT

0.003639 20.349+1.399
−0.592 60 u Swift/UVOT

0.003870 19.848+0.713
−0.427 20 u Swift/UVOT

0.004102 20.280+1.200
−0.556 20 u Swift/UVOT

0.004333 > 19.357 20 u Swift/UVOT

0.064602 21.289+0.468
−0.326 200 u Swift/UVOT

0.140726 21.893+0.394
−0.288 705 u Swift/UVOT

0.532774 > 22.269 907 u Swift/UVOT

0.716085 > 21.919 454 u Swift/UVOT

0.050357 > 19.841 200 b Swift/UVOT

0.066983 20.842+0.680
−0.415 200 b Swift/UVOT

0.540848 22.142+2.779
−0.710 477 b Swift/UVOT

0.023807 20.610 ± 0.057 198 g′GROND 2.2m MPG/GROND
0.846850 24.440 ± 0.207 9715 g′GROND 2.2m MPG/GROND

0.057488 > 19.510 200 v Swift/UVOT

0.074104 20.371+1.125
−0.541 200 v Swift/UVOT

0.001169 19.823+0.294
−0.231 20 white Swift/UVOT

0.001400 19.676+0.257
−0.207 20 white Swift/UVOT

0.001632 20.034+0.351
−0.265 20 white Swift/UVOT
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Table A.1: continued.

Time after burst Magnitude Bin Width/ Filter Telescope/Instrument
(days) (AB) Exposure Time

0.001864 20.362+0.514
−0.348 20 white Swift/UVOT

0.002095 > 20.081 20 white Swift/UVOT

0.002440 20.572+0.391
−0.287 40 white Swift/UVOT

0.002731 21.130+3.621
−0.733 10 white Swift/UVOT

0.052726 21.122+0.330
−0.253 200 white Swift/UVOT

0.069352 22.172+0.508
−0.345 200 white Swift/UVOT

0.0003298 16.8+0.5
−0.5 1 r′ 0.25m TAROT

0.0003414 16.8+0.5
−0.5 1 r′ 0.25m TAROT

0.0003530 18.0+0.5
−0.5 1 r′ 0.25m TAROT

0.0003645 17.3+0.7
−0.5 1 r′ 0.25m TAROT

0.0003761 17.3+0.7
−0.5 1 r′ 0.25m TAROT

0.0003877 17.3+0.7
−0.5 1 r′ 0.25m TAROT

0.0003993 17.3+0.7
−0.5 1 r′ 0.25m TAROT

0.0004108 17.3+0.7
−0.5 1 r′ 0.25m TAROT

0.0004224 17.7+0.7
−0.5 1 r′ 0.25m TAROT

0.0004340 17.7+0.7
−0.4 1 r′ 0.25m TAROT

0.0004456 17.7+0.7
−0.4 1 r′ 0.25m TAROT

0.0004571 17.7+0.7
−0.4 1 r′ 0.25m TAROT

0.0004687 17.7+0.7
−0.4 1 r′ 0.25m TAROT

0.0004803 17.7+0.7
−0.4 1 r′ 0.25m TAROT

0.0004919 17.6+0.7
−0.4 1 r′ 0.25m TAROT

0.0005034 18.1+0.2
−0.6 1 r′ 0.25m TAROT

0.0005150 18.1+0.2
−0.6 1 r′ 0.25m TAROT

0.0005266 18.1+0.2
−0.6 1 r′ 0.25m TAROT

0.0005382 18.1+0.2
−0.6 1 r′ 0.25m TAROT

0.0005497 18.1+0.2
−0.6 1 r′ 0.25m TAROT

0.0005613 18.0+0.2
−0.6 1 r′ 0.25m TAROT

0.0005729 18.1+0.1
−0.7 1 r′ 0.25m TAROT

0.0005845 18.1+0.1
−0.7 1 r′ 0.25m TAROT

0.0005960 18.1+0.1
−0.7 1 r′ 0.25m TAROT

0.0006076 18.1+0.1
−0.7 1 r′ 0.25m TAROT

0.0006192 18.1+0.1
−0.7 1 r′ 0.25m TAROT
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Table A.1: continued.

Time after burst Magnitude Bin Width/ Filter Telescope/Instrument
(days) (AB) Exposure Time

0.0006308 18.0+0.1
−0.7 1 r′ 0.25m TAROT

0.0006423 > 18.1 1 r′ 0.25m TAROT

0.0006539 > 18.1 1 r′ 0.25m TAROT

0.0006655 > 18.1 1 r′ 0.25m TAROT

0.0006771 > 18.1 1 r′ 0.25m TAROT

0.0006886 > 18.1 1 r′ 0.25m TAROT

0.0007002 > 18.1 1 r′ 0.25m TAROT

0.0007118 17.2+0.5
−0.4 1 r′ 0.25m TAROT

0.0007234 17.2+0.5
−0.4 1 r′ 0.25m TAROT

0.0007349 17.2+0.5
−0.4 1 r′ 0.25m TAROT

0.0007465 17.2+0.5
−0.4 1 r′ 0.25m TAROT

0.0007581 17.2+0.5
−0.4 1 r′ 0.25m TAROT

0.0007697 17.4+0.6
−0.3 1 r′ 0.25m TAROT

0.0007812 17.8+0.6
−0.5 1 r′ 0.25m TAROT

0.0007928 17.8+0.6
−0.5 1 r′ 0.25m TAROT

0.0008044 17.8+0.6
−0.5 1 r′ 0.25m TAROT

0.0008160 17.8+0.6
−0.5 1 r′ 0.25m TAROT

0.0008275 17.8+0.6
−0.5 1 r′ 0.25m TAROT

0.0008391 17.8+0.6
−0.5 1 r′ 0.25m TAROT

0.0008507 18.1+0.3
−0.6 1 r′ 0.25m TAROT

0.0008622 18.1+0.3
−0.6 1 r′ 0.25m TAROT

0.0008738 18.1+0.3
−0.6 1 r′ 0.25m TAROT

0.0008854 18.1+0.3
−0.6 1 r′ 0.25m TAROT

0.0008970 18.1+0.3
−0.6 1 r′ 0.25m TAROT

0.0009085 18.1+0.3
−0.6 1 r′ 0.25m TAROT

0.0009201 17.5+0.7
−0.4 1 r′ 0.25m TAROT

0.0009317 17.5+0.7
−0.4 1 r′ 0.25m TAROT

0.0009433 17.5+0.7
−0.4 1 r′ 0.25m TAROT

0.0009548 17.5+0.7
−0.4 1 r′ 0.25m TAROT

0.0009664 17.5+0.7
−0.4 1 r′ 0.25m TAROT

0.0009780 17.1+0.6
−0.4 1 r′ 0.25m TAROT

0.0009896 > 17.9 1 r′ 0.25m TAROT



132APPENDIX A. EXTENDED ANALYSIS ON THE SHORT/LONG NATURE OF GRB 160410A

Table A.1: continued.

Time after burst Magnitude Bin Width/ Filter Telescope/Instrument
(days) (AB) Exposure Time

0.0010011 > 17.9 1 r′ 0.25m TAROT

0.0010127 > 17.9 1 r′ 0.25m TAROT

0.005347 20.249 ± 0.037 5 r′ 8.2m VLT/X-shooter

0.713489 23.944 ± 0.042 2700 r′ 2.5m NOT/ALFOSC
1.677059 25.649 ± 0.291 3600 r′ 2.5m NOT/ALFOSC
44.683899 > 27.450 1800 r′ 10.4m GTC/OSIRIS

0.023807 20.533 ± 0.065 198 r′GROND 2.2m MPG/GROND
0.849788 24.573 ± 0.312 10440 r′GROND 2.2m MPG/GROND

0.023807 20.726 ± 0.089 198 i′GROND 2.2m MPG/GROND
0.849788 23.702 ± 0.294 10875 i′GROND 2.2m MPG/GROND

0.023807 20.194 ± 0.108 198 z′GROND 2.2m MPG/GROND
0.853656 > 23.395 10440 z′GROND 2.2m MPG/GROND

0.023906 > 20.383 180 J′GROND 2.2m MPG/GROND
0.849844 > 21.510 9600 J′GROND 2.2m MPG/GROND

0.023906 > 19.905 180 H′GROND 2.2m MPG/GROND
0.865926 > 20.976 9720 H′GROND 2.2m MPG/GROND

0.023906 > 19.116 180 K′GROND 2.2m MPG/GROND
0.849844 > 19.066 9360 K′GROND 2.2m MPG/GROND

499.651238 > 24.740 3600 3.6 µm Spitzer/IRAC

Our photometry for GRB 160410A is given in Tab. A.1 as used for the light-curve and subsequent
SED fitting.
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A.3 SED fit for the GRB 201221D host
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Figure A.2: Best-fit SED modelling of the host of GRB 201221D. The upper panel shows the flux
density distribution for the performed SED fitting with the photometry presented in Tab.3.3 and
the lower panel the corresponding residuals.
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B.1 Afterglow and host galaxy photometry

Table B.1: Photometry of the afterglow of GRB 210610B. (t0 = 19:51:05.05 UT). Magnitudes are
given in the AB system and are not corrected for Galactic extinction. We give three magnitudes at
58 days, for the host galaxy measured in an aperture identical to that used in afterglow photometry,
for the full host galaxy, and for the companion galaxy, respectively.

Epoch Band Telescope/Instrument Exposure Magnitudes ref
t-t0 (day) (s)

1.09710 u′ GTC/HiPERCAM 10 × 60 20.311 ± 0.082 This Work
1.12521 u′ LT/IO:O 1 × 120 20.430 ± 0.082 (Perley 2021)
2.08091 u′ GTC/HiPERCAM 10 × 60 21.438 ± 0.067 This Work
5.18532 u′ GTC/HiPERCAM 10 × 60 22.498 ± 0.112 This Work
58.1043 u′ GTC/HiPERCAM 30 × 60 23.353 ± 0.076 This Work
58.1043 u′ GTC/HiPERCAM 30 × 60 23.034 ± 0.076 This Work
58.1043 u′ GTC/HiPERCAM 30 × 60 24.901 ± 0.096 This Work

0.07316 g′ Ondrejov D50 3 × 300 17.597 ± 0.018 This work
0.10523 g′ Ondrejov D50 3 × 300 17.627 ± 0.019 This work
0.14793 g′ Ondrejov D50 3 × 300 17.652 ± 0.023 This work
0.20578 g′ Ondrejov D50 10 × 180 17.833 ± 0.083 This work
0.40536 g′ 1.22m Palomar P48 Schmidt/ZTF 1 × 30 18.490 ± 0.020 Ho et al. (2022)
0.53296 g′ 1.22m Palomar P48 Schmidt/ZTF 1 × 30 18.770 ± 0.030 Ho et al. (2022)
1.09710 g′ GTC/HiPERCAM 10 × 60 20.010 ± 0.040 This work
1.12103 g′ LT/IO:O 1 × 90 20.040 ± 0.050 (Perley 2021)
1.12951 g′ Ondrejov D50 86 × 180 20.263 ± 0.181 This work
1.50546 g′ 1.22m Palomar P48 Schmidt/ZTF 1 × 30 20.750 ± 0.140 Ho et al. (2022)
1.50646 g′ 1.22m Palomar P48 Schmidt/ZTF 1 × 30 20.870 ± 0.120 Ho et al. (2022)
1.53416 g′ 1.22m Palomar P48 Schmidt/ZTF 1 × 30 20.800 ± 0.140 Ho et al. (2022)
2.08091 g′ GTC/HiPERCAM 10 × 60 21.124 ± 0.031 This work
3.15081 g′ Ondrejov D50 97 × 180 21.689 ± 0.177 This work
4.13012 g′ Ondrejov D50 78 × 180 22.067 ± 0.098 This work
5.18532 g′ GTC/HiPERCAM 10 × 60 22.394 ± 0.058 This work
6.09497 g′ Perek 2.0m 9 × 300 22.672 ± 0.098 This work
58.1043 g′ GTC/HiPERCAM 30 × 60 23.307 ± 0.043 This work
58.1043 g′ GTC/HiPERCAM 30 × 60 22.960 ± 0.044 This work
58.1043 g′ GTC/HiPERCAM 30 × 60 24.866 ± 0.053 This work

0.04880 R FRAM-ORM 23 × 60 17.211 ± 0.065 This work
0.05869 r′ Ondrejov D50 1 × 300 17.322 ± 0.017 This work
0.06069 R FRAM-ORM 8 × 60 17.314 ± 0.080 This work
0.06219 r′ Ondrejov D50 1 × 300 17.377 ± 0.014 This work
0.06568 r′ Ondrejov D50 1 × 300 17.441 ± 0.019 This work
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Table B.1 – Continued

Epoch Band Telescope/ Exposure Mag ref
t-t0 (day) Instrument (s)

0.06642 R FRAM-ORM 7 × 60 17.487 ± 0.087 This work
0.06981 r′ Ondrejov SBT 17 × 120 17.442 ± 0.063 This work
0.07042 r′ NOT 1 × 10 17.299 ± 0.100 (Fynbo et al. 2021)
0.07176 R FRAM-ORM 7 × 60 17.569 ± 0.087 This work
0.07673 R FRAM-ORM 6 × 60 17.416 ± 0.079 This work
0.08170 R FRAM-ORM 7 × 60 17.489 ± 0.078 This work
0.08290 r′ Ondrejov SBT 18 × 120 17.489 ± 0.066 This work
0.08667 R FRAM-ORM 6 × 60 17.572 ± 0.096 This work
0.09125 R FRAM-ORM 6 × 60 17.664 ± 0.097 This work
0.09621 R FRAM-ORM 7 × 60 17.534 ± 0.084 This work
0.10119 R FRAM-ORM 6 × 60 17.533 ± 0.095 This work
0.10362 r′ Ondrejov SBT 23 × 120 17.491 ± 0.063 This work
0.12734 r′ Ondrejov SBT 25 × 120 17.402 ± 0.058 This work
0.15077 r′ Ondrejov SBT 34 × 120 17.363 ± 0.071 This work
0.18566 r′ Ondrejov D50 10 × 180 17.462 ± 0.031 This work
0.23746 r′ GTC/OSIRIS 1 × 30 17.621 ± 0.040 This work
0.44806 r′ Palomar P48 Schmidt/ZTF 1 × 30 18.229 ± 0.020 (Ho et al. 2022)
0.49346 r′ Palomar P48 Schmidt/ZTF 1 × 30 18.369 ± 0.020 (Ho et al. 2022)
1.02539 r′ CAHA/CAFOS 1 × 60 19.672 ± 0.112 This work
1.03206 r′ CAHA/CAFOS 1 × 180 19.653 ± 0.035 This work
1.03495 r′ CAHA/CAFOS 1 × 180 19.647 ± 0.030 This work
1.03791 r′ CAHA/CAFOS 1 × 180 19.663 ± 0.027 This work
1.09710 r′ GTC/HiPERCAM 10 × 60 19.720 ± 0.050 This work
1.12244 r′ LT/IO:O 1 × 90 19.809 ± 0.020 (Perley 2021)
1.44226 r′ Palomar P48 Schmidt/ZTF 1 × 30 20.299 ± 0.100 (Ho et al. 2022)
1.56876 r′ Palomar P48 Schmidt/ZTF 1 × 30 20.239 ± 0.100 (Ho et al. 2022)
2.08091 r′ GTC/HiPERCAM 10 × 60 20.873 ± 0.018 This work
2.42766 r′ Palomar P48 Schmidt/ZTF 1 × 30 21.689 ± 0.330 (Ho et al. 2022)
2.49606 r′ Palomar P48 Schmidt/ZTF 1 × 30 21.139 ± 0.200 Ho et al. (2022)
5.18532 r′ GTC/HiPERCAM 10 × 60 22.315 ± 0.042 This work
58.1043 r′ GTC/HiPERCAM 30 × 60 23.212 ± 0.042 This work
58.1043 r′ GTC/HiPERCAM 30 × 60 22.861 ± 0.042 This work
58.1043 r′ GTC/HiPERCAM 30 × 60 24.486 ± 0.058 This work

0.09453 i′ Ondrejov D50 5 × 180 17.328 ± 0.016 This work
0.16882 i′ Ondrejov D50 5 × 180 17.330 ± 0.025 This work
1.09710 i′ GTC/HiPERCAM 10 × 60 19.585 ± 0.048 This work
1.12383 i′ LT/IO:O 1 × 90 19.609 ± 0.030 (Perley 2021)
2.08091 i′ GTC/HiPERCAM 10 × 60 20.715 ± 0.022 This work
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Table B.1 – Continued

Epoch Band Telescope/ Exposure Mag ref
t-t0 (day) Instrument (s)

5.18532 i′ GTC/HiPERCAM 10 × 60 22.145 ± 0.047 This work
6.13124 i′ Ondrejov D50 96 × 180 > 22.760 This work
58.1043 i′ GTC/HiPERCAM 30 × 60 23.052 ± 0.023 This work
58.1043 i′ GTC/HiPERCAM 30 × 60 22.843 ± 0.024 This work
58.1043 i′ GTC/HiPERCAM 30 × 60 24.142 ± 0.049 This work

0.08363 z′ Ondrejov D50 5 × 180 17.234 ± 0.029 This work
0.11569 z′ Ondrejov D50 5 × 180 17.246 ± 0.028 This work
0.15862 z′ Ondrejov D50 5 × 180 17.285 ± 0.034 This work
1.0971 z′ GTC/HiPERCAM 10 × 60 19.413 ± 0.040 This work
1.1269 z′ LT/IO:O 1 × 90 19.491 ± 0.060 (Perley 2021)
1.1354 z′ Ondrejov D50 9 × 300 19.624 ± 0.140 This work
2.0809 z′ GTC/HiPERCAM 10 × 60 20.530 ± 0.027 This work
5.1853 z′ GTC/HiPERCAM 10 × 60 21.953 ± 0.052 This work
58.1043 z′ GTC/HiPERCAM 30 × 60 23.037 ± 0.028 This work
58.1043 z′ GTC/HiPERCAM 30 × 60 22.769 ± 0.031 This work
58.1043 z′ GTC/HiPERCAM 30 × 60 23.620 ± 0.057 This work

0.01173 Clear Ondrejov SBT 20 × 12 15.931 ± 0.218 This work
0.01504 Clear Ondrejov SBT 20 × 12 15.451 ± 0.128 This work
0.01809 Clear Ondrejov SBT 20 × 12 15.743 ± 0.141 This work
0.02108 Clear Ondrejov SBT 20 × 12 16.243 ± 0.136 This work
0.02399 Clear Ondrejov SBT 20 × 12 16.419 ± 0.120 This work
0.02705 Clear Ondrejov SBT 20 × 12 16.640 ± 0.128 This work
0.02988 Clear Ondrejov SBT 20 × 12 16.685 ± 0.099 This work
0.03266 Clear Ondrejov SBT 20 × 12 16.860 ± 0.113 This work
0.03550 Clear Ondrejov SBT 20 × 12 17.047 ± 0.119 This work
0.03835 Clear Ondrejov SBT 20 × 12 16.954 ± 0.095 This work
0.04113 Clear Ondrejov SBT 20 × 12 17.075 ± 0.099 This work
0.04391 Clear Ondrejov SBT 20 × 12 17.002 ± 0.088 This work
0.04668 Clear Ondrejov SBT 20 × 12 17.083 ± 0.096 This work
0.04953 Clear Ondrejov SBT 20 × 12 17.187 ± 0.096 This work
0.05238 Clear Ondrejov SBT 20 × 12 16.975 ± 0.075 This work
0.05886 Clear Ondrejov SBT 43 × 12 17.233 ± 0.059 This work

252.3749 H GTC/EMIR 349 > 22.9 This work



Appendix C

Polarisation detection on GRBs optical
afterglow emission.

139



140APPENDIX C. POLARISATION DETECTION ON GRBS OPTICAL AFTERGLOW EMISSION.

C.1 Lineal polarisation measurements on GRBs afterglow emission.

Table C.1: Measured values for the lineal polarisation and PA on GRB afterglow from literature.

GRB Redshift Tmid PLin θ Ref.
(days) (%) (º)

GRB 990510 1.62 0.7708 1.7 ± 0.2 101 ± 3 (Covino et al. 1999)
0.8583 1.6 ± 0.2 96 ± 4 (Wijers et al. 1999)
1.8083 2.2+1.1

−0.9 112+15
−17

GRB 990712 0.43 0.44 2.9 ± 0.4 121.1 ± 3.5 (Rol et al. 2000)
0.70 1.2 ± 0.4 116.2 ± 10.1
1.45 2.2 ± 0.7 139.1 ± 10.4

GRB 020405 0.695 1.2292 1.50 ± 0.40 172 ± 8 (Masetti et al. 2003)
1.3208 9.89 ± 1.30 180 ± 4 (Bersier et al. 2003)
2.2682 1.96 ± 0.33 154 ± 5 (Covino et al. 2003)
3.8792 1.47 ± 0.43 168 ± 9

GRB 020813 1.35 0.21528 2.22 ± 0.07 157.6 ± 1.0 (Barth et al. 2003)
0.26181 1.98 ± 0.04 153.4 ± 1.7
0.34167 1.96 ± 0.07 152.0 ± 1.2
0.89792 1.07 ± 0.22 154.3 ± 5.9 (Gorosabel et al. 2004)
0.93750 1.42 ± 0.25 137.0 ± 4.4
0.97542 1.11 ± 0.22 150.5 ± 5.5
1.01625 1.05 ± 0.23 146.4 ± 6.2
1.11667 1.43 ± 0.44 155.8 ± 8.5
1.97958 1.26 ± 0.34 164.7 ± 7.4

GRB 021004 2.33 0.37 1.72 ± 0.56 187.7 ± 8.3 (Rol et al. 2003)
0.38 2.09 ± 0.60 173.0 ± 7.9

GRB 030329 0.17 0.5321 0.92 ± 0.10 86.13 ± 2.43 (Covino & Gotz 2016)∗∗

0.5492 0.86 ± 0.09 86.74 ± 2.40
0.5671 0.87 ± 0.09 88.60 ± 2.64
0.5850 0.80 ± 0.09 91.12 ± 2.88
0.6921 0.66 ± 0.07 78.52 ± 2.94
0.7129 0.66 ± 0.07 76.69 ± 2.89
0.7342 0.56 ± 0.05 74.37 ± 3.11
1.5204 1.97 ± 0.48 83.20
1.5500 1.37 ± 0.11 61.65 ± 2.38
1.5800 1.50 ± 0.12 62.29 ± 2.44
1.6700 1.07 ± 0.09 59.41 ± 2.51
1.7000 1.09 ± 0.08 66.07 ± 2.45
1.7200 1.02 ± 0.08 67.05 ± 2.60
1.7400 1.13 ± 0.08 70.56 ± 2.51
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Table C.1: Continued.

2.6800 0.52 ± 0.06 30.76 ± 5.04
2.7000 0.52 ± 0.12 12.55 ± 4.63
2.7200 0.31 ± 0.07 24.50 ± 6.94
3.5400 0.57 ± 0.09 53.85 ± 4.08
3.5600 0.53 ± 0.08 57.08 ± 4.06
3.5800 0.42 ± 0.10 62.21 ± 6.10
5.6600 1.68 ± 0.18 66.32 ± 3.38
7.6400 2.22 ± 0.28 75.16 ± 3.32
9.5900 1.33 ± 0.14 70.91 ± 3.31
13.6000 2.04 ± 0.57 1.16 ± 7.64
22.5000 0.58 ± 0.10 42.7 ± 9.26
37.5000 1.48 ± 0.48 25.42 ± 9.41

XR 080109 0.007 3.6416 0.95 ± 0.20 114.9 ± 5.9 (Gorosabel et al. 2010)
5.5552 0.85 ± 0.28 106.1 ± 9.4

20.6279 1.05 ± 0.06 135.3 ± 1.7
20.6443 1.28 ± 0.06 132.5 ± 1.4
52.5578 1.42 ± 0.46 139.0 ± 9.1

GRB 080928 1.6919 1.7 4.49+1.16
−0.96 41.3 ± 6.3 (Brivio et al. 2022)

GRB 090102 1.55 0.0025 10.1 ± 1.3 – (Steele et al. 2009)

GRB 091208B 1.063 0.0042 10.4 ± 2.5 92 ± 6 (Uehara et al. 2012)

GRB 091018 0.971 0.2461 1.07 ± 0.30 179.2 ± 16.1 (Wiersema et al. 2012)
0.4548 1.44 ± 0.32 2.2 ± 12.6
1.1394 1.73 ± 0.36 69.8 ± 11.7
1.1552 3.25 ± 0.35 57.6 ± 6.1
1.1735 1.99 ± 0.35 27.6 ± 10.0
1.1893 1.42 ± 0.36 114.6 ± 14.0
1.3918 0.97 ± 0.32 32.8 ± 17.8
1.4493 1.08 ± 0.35 88.7 ± 17.9
2.3902 1.45 ± 0.37 169.0 ± 14.3

GRB 120308 2.22 0.0033 28+4
−4 34 ± 4 (Mundell et al. 2013)

0.0042 23+4
−4 44 ± 6

0.0052 17+5
−4 51 ± 9

0.0062 16+7
−4 40 ± 10

0.0081 16+5
−4 55 ± 9

GRB 121024A 2.298 0.2194 4.09 ± 0.2 163.7 ± 2.8 (Wiersema et al. 2014)
0.2302 4.83 ± 0.2 160.3 ± 2.3
0.2782 3.82 ± 0.2 182.7 ± 3.0
0.2928 3.12 ± 0.19 175.3 ± 3.5
0.3088 3.39 ± 0.18 178.0 ± 2.9
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Table C.1: Continued.

0.3252 3.49 ± 0.18 180.3 ± 3.0
0.3412 3.2 ± 0.18 174.5 ± 3.3
1.2995 2.66 ± 0.6 83.0 ± 12.6

GRB 191221B 1.148 0.121 1.4 ± 0.1 68 ± 5 (Urata et al. 2023)
0.417 1.0 ± 0.1 57 ± 5
2.525 1.3 ± 0.1 62 ± 6

GRB 210610B 1.1345 0.0973 4.27 ± 1.45 183 ± 9 This work
0.2407 0.22 ± 0.20 267 ± 19
0.2688 0.03 ± 0.17 –
0.2793 0.15 ± 0.28 –
1.2655 2.27 ± 0.22 237 ± 3
1.2829 1.69 ± 0.27 238 ± 5

GRB 210619B 1.937 0.1057 2.2 ± 0.7 22.0 ± 10.0 (Mandarakas et al. 2023)
0.1070 2.6 ± 0.8 2.0 ± 8.0

We include only the values from literature for which we calculate P/σP > 3.0 with Tmid in observer
frame.
(∗) From the spectropolarimetric measurements in (Barth et al. 2003), since we do not consider
chromaticity in the polarization, we show the median value of the measured polarisation on the
different wavelength bins, for the three epochs they presents.
(∗∗) For GRB 030329 we made use of the data presented in Covino & Gotz (2016) and, specifically,
the results presented in this review taken from Greiner et al. (2003) and Magalhaes et al. (2003).
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The colour coding is the same one as used in Fig. 3.1. We add the non-smoothed
spectrum (grey) in the background. . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.16 Hardness Ratio (HR) vs. duration T90 using data from Lien et al. (2016). Based on
the work from Kouveliotou et al. (1993), we show SGRBs in blue and long GRBs
in red. The hardness ratio of GRB 201221D is marked with a blue stars as derived
from the Swift/BAT data products (https://gcn.gsfc.nasa.gov/notices_s/
682269/BA/). For GRB 160410A we plot the HR derived in Dichiara et al. (2021)
with the T90 from Swift/BAT on top right and T90 derived for the initial peak com-
plex from Konus-Wind data (Minaev & Pozanenko 2020) on top left. . . . . . . . 73

3.17 Modified version of the Amati relation. We highlight the positions of GRB 160410A
and GRB 201221D with blue stars, as derived from the Konus-Wind published
data, see Sect. 3.5.1. SGRBs are plotted in blue, long GRBs in red. In the corre-
sponding colours, the best linear fits are plotted together with a shaded area around
them marking the 1σ region for each fit. Here we do not distinguish between
SGRBs and SGRBs with extended emission. . . . . . . . . . . . . . . . . . . . . 74

4.1 Colour images of the field using the g’, r’ and i’ bands of HiPERCAM at 1 day
and 58 days after the burst, respectively. In the first image the afterglow is strongly
detected, in the second image, it has faded and the host galaxy dominates the
emission. 2.7 arcsec north-west of the host galaxy lies a companion galaxy at the
same photometric redshift of the host (see Sect.4.4.4). . . . . . . . . . . . . . . . 87
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4.3 Afterglow, PD and PA evolution of GRB 210610B. Top panel: GRB 210610B light curve
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