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Abstract

Gamma-Ray Bursts (GRBs) are brief flashes of -rays (keV — MeV) that last from a fraction
of second up to a few hundreds of seconds, during which a significant amount of isotropic
equivalent energy is released (ranging from 10%8 to 10%* erg). Occurring at cosmological distances
(the farthest GRB was identified at z = 9:2), these explosive transients are historically divided
into long- and short-duration GRBs based on the total duration of the initial -ray emission.
Long GRBs, which last more than 2s, are associated with the catastrophic explosion of an
isolated massive star, as confirmed by their connection with Supernova events. In contrast,
short GRBs, which last less than 2s, are believed to result from the merger of two neutron stars
or a neutron star and a black hole, as indicated by the landmark discovery of joint gravitational
waves and electromagnetic signatures in GW170817 / GRB 170817A.

Regardless of the distinct production channels, both scenarios lead to the formation of a
highly magnetised neutron star or a spinning, stellar-mass black hole. This central engine is
thought to accrete material and launch two oppositely directed relativistic jets, piercing through
the “vestige” of the progenitor, either the stellar envelope for long GRBs or the pre-merger ejecta
for short GRBs. These jets then expand into the material surrounding the burst, producing the
brief -ray emission through magnetic reconnections or internal shocks. As the GRB outflow
expands, it interacts with the circum-burst environment through external shocks, accelerating
electrons to relativistic energies. These electrons cool down via synchrotron emission, producing
the long-lived afterglow emission that extends from -rays down to the radio band.

To investigate the launch and subsequent evolution of the GRB jet, the circum-burst medium,
and the nature of the progenitor, a standard model based on an ultra-relativistic expanding
outflow is commonly employed. This model relies on global (the isotropic equivalent energy,
the circum-burst density, ...), microphysical (the electron distribution index, the fractions
of internal energy retained by the magnetic field and the electrons) and geometrical (viewing
angle, aperture angle) parameters. However, even sophisticated models face degeneracy in the
multi-dimensional parameter space. To alleviate or possibly break the degeneracy, broad-band
observations across the electromagnetic spectrum are crucial. For nearby events, deviations from
the simplified model can be detected, requiring further independent information to precisely
constrain the involved physics. In particular, the Very Long Baseline Interferometry technique
(VLBI) at radio wavelengths has proven to be a unique asset, providing direct evidence of
apparent superluminal expansion (for on-axis GRBs), centroid displacement of the outflow (for
slightly o[=akis GRBs) and the first confirmation that merger events can launch successful jets.
VLBI olerk unique and complementary insights into the dynamics, geometry and structure of
GRB jets that cannot be obtained through other methods or bands.

Throughout the Ph.D. program, | employed radio and VLBI observations to characterise
and constrain the outflow, the circum-burst medium, and the properties of the progenitors of
GRBs. This included studies on individual events, which are important to test the predictions
of current models, GRB host galaxies, which are fundamental to constrain the nature of the
progenitor through the characterisation of the surrounding environment, and the statistical
properties of GRB afterglows, in order to verify the existence of potential GRB sub-populations.

Concerning radio and VLBI studies of single bursts, I analysed two remarkable GRBs.
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In the case of GRB 201015A, a comprehensive analysis of the multi-wavelength afterglow
emission was conducted, comparing it with predictions from the standard GRB model. The
combination of radio, optical, and X-ray data allowed us to constrain key physical parameters
of the outflow and characterise the profile of the circum-burst medium. Despite achieving
sub-milliarcsecond angular resolution with our VLBI observation, the relatively faint brightness
of the afterglow prevented us from measuring the size of the outflow. Additionally, we could
not verify whether the very high energy (> 100 GeV) emission originated from synchrotron
self-Compton, synchrotron or external inverse Compton processes, as very high energy data
were not publicly available at the time of our analysis.

On 2023 October 9, the brightest GRB ever recorded, GRB 221009A, triggered all satellites
equipped for transient detection. Proposed models failed at convincingly reproducing the
observed multi-wavelength afterglow emission. To shed light on the dynamics and the geometry
of the outflow, we conducted VLBI observations with the European VLBI Network and the Very
Long Baseline Array, ranging from 40 to 262 days post-burst. Our campaign provided robust
evidence of apparent superluminal expansion of the GRB ejecta. Specifically, the observed size
evolution could be reconciled with a combination of reverse shock and forward shock in the case
of a circum-burst medium with a wind-like profile, provided that the two shocks dominate the
emission at di Lerknt frequencies and at di Lerknt times.

Complementary to the study of individual bursts, exploring the properties of galaxies hosting
GRBs is fundamental to unveil the nature of GRB progenitors. We conducted dedicated
observations with the European VLBI Network and the e-MERLIN of J1304+2938, initially
identified as the candidate host galaxy of the long GRB 200716C. Combining multi-scale
observations, comprising our VLBI campaign and radio surveys with lower angular resolution,
enabled us to ascribe the observed emission to highly star-forming regions within the galaxy.
The derived high star formation rate (approximately ~300M yr 1) supported the hypothesis
of GRB 200716 being a long-duration GRB located in J1304+2938. An alternative scenario,
based on the analysis of the prompt emission, proposed that GRB 200716C is a short-duration
burst lensed by an intermediate-mass black hole located within J1304+2938, which would be
a foreground galaxy. Although our observations did not reveal a compact emitting region, we
could not exclude the presence of an isolated intermediate-mass black hole, as radio emission
from these sources is predicted to be fainter than the upper limits currently achievable.

Finally, statistical afterglow studies are essential to identify potentially di[erent channels for
GRB production. Recently, it was proposed and favoured in the literature that two populations
of GRBs may exist based on the radio emission of their afterglow. While GRBs with a detected
afterglow in radio were termed radio-bright, or radio-loud GRBs, those bursts without a detected
radio afterglow were classified as radio-dark, or radio-quiet. In this scenario, the dichotomy was
directly linked to diLerent progenitors. Specifically, radio-bright GRBs would result from the
collapse of massive stars in interacting binary systems, while radio-dark GRBs would originate
from the collapse of isolated massive stars. We selected and analysed a sample of radio-bright
and radio-dark Swift GRBs. The selection of a sample with uniform biases strongly supported
the hypothesis that the apparent dichotomy is a spurious e [edt primarily driven by instrumental
factors, particularly the limited sensitivity of both -ray and radio facilities.

The Thesis is structured as follows. In the introductory part, Chapter 1 provides an overview
of the scientific context of GRBs, while Chapter 2 delves into the standard, simplified model
firstly proposed to explain the observed emission from these explosive transients. The basics of
radio interferometry and VLBI are introduced in Chapter 3. Following the general framework,
the analysis of GRB 201015A and GRB 221009A is detailed in Chapter 4 and 5, respectively.
Chapter 6 is dedicated to the investigation of the candidate host galaxy of GRB 200716C. The
ongoing statistical study on the population of radio afterglows is outlined in Chapter 7. Lastly,
the main results are summarised and discussed in Chapter 8.
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Chapter 1

Gamma-Ray Bursts

1.1 The discovery of Gamma-Ray Bursts

During the Cold War, a group of military satellites known asVela was deployed by the
United States with the primary objective of monitoring compliance with the 1963 Partial Test
Ban Treaty, which speci cally prohibited participating nations from conducting nuclear tests
in the upper atmosphere or outer space. Between July 1967 and 1972, the satellites identi ed
and recorded 16 ashes of -rays that exhibited unique characteristics not observed in any
known nuclear weapon signatures [1]. Soon it became clear that the ashes originated from
astrophysical phenomena: they were referred to as Gamma-Ray Bursts (GRBs henceforth).
Nevertheless, the poor angular resolution of-ray facilities and the rapid evolution of these
transient events made it impossible to constrain the actual distance of GRBs. As a consequence,
a precise localisation of the emission remained beyond reach for two decades, hindering any
conclusive insights into the nature of their progenitors. Many models were proposed, either
locating GRB within the Milky Way [2] or postulating a cosmological origin [3, 4].

A fundamental contribution to the debate on the origin of these phenomena was provided
by the Burst And Transient Source Experiment (BATSE) on board the Compton Gamma-
Ray Observatory that was launched in 1991. BATSE showed that GRBs have an isotropic
sky distribution (Fig.1.1), but at the same time it revealed that the cumulative peak ux
distribution deviated from a power-law with index of -3/2 expected for a population of sources
with a uniform distribution. This deviation, attributed to the absence of relatively faint bursts,
served as a signi cant indicator of the cosmological origin of GRBs [5]. The de nitive solution
was facilitated by the the Italian-Dutch X-ray satellite BeppoSAX during the late 1990s: this
satellite played a crucial role by delivering precise and rapid localisation, thereby enabling a
quick follow up of GRBs at di erent wavelengths. In 1997 the remarkable discovery of the X-ray
emission originating from a GRB was reported [6], followed by the detection of optical [7] and
radio [8] counterparts. That same year, a few absorption lines were observed in the spectra of
GRB 970508, revealing an intervening system along the line of sight of the GRB at a redshift of
z = 0:835[9]. This observation con rmed the cosmological nature of GRBs, establishing them
as the most powerful explosions known in the Universe, second only to the Big Bang itself.

The existence of such powerful explosions triggered the curiosity of the scienti c community.
The transient and non-repeating nature of GRBs led to the prevailing idea that a cataclysmic
event involving extreme objects was somehow required. As early as 1981, the KONUS experiment
on the Venera space probes suggested that the temporal and spectral distribution of GRBs
was bimodal [10]. These results were subsequently con rmed with the ISEE-3 experiment [11]
and further re ned utilising an extensive sample encompassing over 2700 GRBs observed with
BATSE [12]. This delineated the categorisation of GRBs into two distinct classes, separated by
a minimum in the distribution of duration located at around 2s (Fig. 1.2). Speci cally, long

1



2 CHAPTER 1. GAMMA-RAY BURSTS

Figure 1.1: Isotropic sky distribution of 2074 GRBs detected by BATSE. The burst are color coded
by the measured uence (i.e. ux integrated over the event duration). Figure taken from https:
/Iheasarc.gsfc.nasa.gov/docs/cgro/batse/.

GRBs extend beyond 2 s in duration, while short GRBs last less than 2s. Furthermore, short
GRBs exhibit a higher peak energy within their spectral pro les when compared to long GRBs,
so that they are harder. As both long and short GRBs show an isotropic sky distribution,
the di erent temporal and spectral properties point towards a di erent progenitor for the two
classes. Over the last two decades, comprehensive and thorough studies of GRBs spanning the
whole electromagnetic spectrum have revealed that short and long GRBs di er not only in their
prompt -ray emission, but also in their subsequent afterglow emission and their host galaxy
properties (see, e.g., [13 18]). These results provided compelling evidence for the di erent origin
of the two classes: at present, the prevailing explanation states that short GRBs are ascribed to
the merger of a compact binary system involving two neutron stars (NS) or a NS and a black
hole (BH), while long GRBs are generated in the catastrophic collapse of a single massive star
at the end of its life.

After fty-seven years since their initial discovery, numerous guestions continue to remain
unanswered. Are all long-duration GRBs produced in the collapse of a single massive star? What
is the mechanisms behind the very high energy emission observed in some GRB afterglows? What
is the angular structure of the relativistic out ow? In this Thesis | will discuss the fundamental
and unique role played by radio observations in addressing these challenges and disclosing the
extreme physics underlying GRBs. The subsequent chapters will provide a concise examination
of both the observational evidence and the standard model employed to explain the extreme
physics underlying GRBs. Nevertheless, it is essential to acknowledge that a comprehensive
review of this subject extends beyond the goal of this Thesis. For a more comprehensive and
detailed account, interested readers are encouraged to refer to, e.g., [13, 16, 19 25].

1.2 Prompt emission

Prior to the discovery of a multi-wavelength afterglow [6 8], GRBs were primarily recognised
as brief, highly variable bursts of -rays. This initial phase of emission, which is observed from
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Figure 1.2: Duration distribution of the BATSE 4B Catalog. The duration parameter used is Tgg, Which

is the time over which a burst emits from 5% to 95% of its total measured counts. The distribution is
clearly bimodal, with a minimum at around 2 s. Figure taken from https://gammaray.nsstc.nasa.gov/
batse/grb/duration/.

several hundred keV to a few tens of MeV, is referred to as the prompt emission. The light
curve of the prompt emission, i.e. the ux as a function of time, exhibits substantial diversity

in duration and shape among di erent bursts: most GRBs show 100% variation in ux on a
time scale much shorter than the total burst duration. For some long bursts, the variability can
have a time scale of a few milliseconds [22]. For roughly 80% of GRBs the light curve of the
prompt emission is a composite of individual pulses (see, e.g., GRB 910503 in Fig. 1.3), while the
remaining 20% show a smooth structure, typically with a one single pulse shape (GRB 910711 in
Fig. 1.3) that can be described with a Fast-Rise-Exponential-Decay (FRED) function [22]. The
total duration of a burst is conventionally quanti ed using the Tgy parameter, which is the time
interval encompassing the 8 to 95" percentiles of the total counts recorded in the energy range
of the instrument. As previously mentioned in Section 1.1, the distribution ofg, is bimodal
(Fig. 1.2; [10 12]), and this result holds even if thélgg is not an intrinsic measure, as its de nition
relies on the observed photon counts and therefore thigy depends on the sensitivity of the
satellites and on the considered energy band. Historically, GRBs have been classi ed as long if
Teo 2s, or short if Tgg < 2s. Nevertheless, recent discoveries suggest that this duration-based
classi cation does not always map to the progenitor: for instance, GRB 200826A had a duration
of 1.1s (30-500keV), but it showed a photometric excess fully consistent with an associated
supernova (SN), indicative of a single massive star collapse [26]; conversely, GRB 211211A
had a Ty duration larger than 50s (15-350 keV), but it showed a photometrically con rmed
kilonova (KN), indicative of a NS merger origin [27]. The latter burst was also noteworthy
for its high-energy emission X 0.1 GeV) observed by thé=ermi satellite during the afterglow
phase [28]. Additionally, a GRB can also show a precursor, namely one or more fainter pulses
preceding the main burst, as observed, for instance, in GRB 990316A (Fig. 1.3). Lastly, some
GRBs exhibit an extremely prolonged -ray emission that extends beyond durations of 1000 s.
These events have been proposed to belong to a distinct class known as ultra-long GRBs whose
progenitors may di er from the conventional single massive star collapse [29, 30].

As for the light curve, the prompt emission exhibits a wide range of di erent spectra. The
overall spectrum is non-thermal. If the spectral energy distribution (SED) is de ned a&2Ng (E),
whereNg (E) is the photon ux as a function of the observed energi, the typical SED of the
prompt emission is a peaked function (Fig. 1.4) and the energy corresponding to the maximum
is calledE,. In order to t the SED, a phenomenological function was introduced in 1993 by
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Figure 1.3: Total number of counts in time for twelve GRBs from the BATSE Catalogue. The large
diversity of temporal structure and variability associated with these bursts is evident. Figure taken
from http://gammaray.msfc.nasa.gov/batse/grb/catalog/. Credits: D. Perley.

[31]: known as Band function, it employs two power laws that are smoothly joined at a break
energy(~ 7)Eo:

100 kv fexp ; fE (-~ 7Eo

<
Ne(E)= A h o i - -
' (100k)eV0 exp(T -) 100EW , ifE (= MEo

|

(1.1)

whereNg (E) is the photon ux in units of photonscm 2s tkeV ! in the energy bindE;
A is the normalisation factor at 100 keV in units of photonscn?s tkeV !; ~and ~are the
low-energy and high-energy power law indices, respectively; is the break energy in units of
keV. The notation for the power law indices in Eq. 1.1 follows [22], in order to distinguish the
prompt parameters~ and ~ from the afterglow parameters and , which will be discussed
later. Even if there is no theoretical model that can predict the spectral shape of the Band
function, it still provides an excellent t to most of the observed spectra (Fig. 1.4). For most of
the observed values of and ~, the peak energy with the Band function i€, = ( ~+2) Eq [22].

Conversely, when the peak energlf, lies outside the energy range covered by theray
instrument, the spectrum is typically modeled using a single power law with an exponential
cuto, often referred to as CPL:

E E

100kev P E, (1.2)

Ne(E) = A

Based on theoretical considerations (see Chapter 2) the promptray emission is expected
to be produced via synchrotron cooling of a population of relativistic electrons [22]. According
to this scenario, the slope of the low energy tail is predicted to be= 3=2 in the fast cooling
regime; notwithstanding, GRBs exhibit a low-energy slope 1 on average (see, e.g., [31, 33)).
More recently, a second break occurring at roughly 3 - 20 keV has been successfully incorporated
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Figure 1.4: Photon ux Ng(E) (upper panel) and SED E?Ng (E); lower panel) of GRB 990123 as
observed by the Compton Gamma-Ray Observatory detectors. The dashed line is the tting Band
function. Figure taken from [32].

into the tting model of many GRB SEDs [34 37]. The inclusion of a second break provides a
solution that is consistent with the synchrotron expectations.

Finally, if the redshift z is known, the isotropic equivalent energ¥;, can be calculated
from the SED [38]:

R
24D 2N (E)EdE

iso = 1+ 2)? (1.3)

whereE; and E, are the lower and upper limits in energy (usually 1 - keV); Ng (E) is the
best t Band model to the time integrated and redshift corrected SED; D, is the luminosity
distance. The(1 + z)? factor comes out from the cosmological time dilation and the spectral
redshift [38].

The peak energyE, and the isotropic equivalent energyE;s, are fundamental parameters to
guantify the energetics of the burst, which in turn relies on the characteristics of the progenitor.
In the early 2000s, many authors tried to constrain the prompt emission parameters in order to
reveal the origin of the observed - and X-ray radiation. Notably, a signi cant breakthrough was
achieved in 2002, when a correlation between the peak energy and the isotropic equivalent energy
was established through the analysis of twelvBeppoSAX long GRBs with known redshifts.
The correlation, known as the Amati relation, asserts thaEy(1 + z) / E2 %% [38]. The
Amati relation was later con rmed and extended with the inclusion of long GRBs and X-ray
ashes detected by more recent satellites. The theoretical interpretations ascribe the Amati
relation to geometrical e ects or to dissipative mechanisms within the photosphere of the reball
(see, for instance, [39] and reference therein). Subsequently, in 2004, a more stringent relation
was identi ed between the intrinsic peak energy and the total energy, accounting for GRB
collimation e ects, i.e. E =(1 cos j)Eis,, with ; being the opening angle of the GRB jet.
The relation, now recognised as the Ghirlanda relation, states th&,(1+ z) / E®7% %047 [40].
Concurrently, the Yonetoku relation was introduced, postulating thatLs, / [Ep(1 + z)]?° %2,
with Ls, representing total luminosity in units of 10°?ergs * [41]. In addition to the role they
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play in understanding GRB physics, these relations represent an independent method to derive
cosmological parameters [39, 42, 43].

As | will discuss in Chapter 2, following the collapse of a single massive star (in the context
of long GRBs) or the merger of two compact objects (for short GRBS), two jets with opposite
directions are launched. These jets pierce through the stellar envelope (long GRBS) or the
material ejected before the merger (short GRBS); if the jets are su ciently energetic, they
dig the envelope and the blast wave generated from this interaction can propagate through
the circum-burst medium. The origin of the prompt emission is attributed to internal shocks
occurring within the out ow. These internal shocks accelerate the ejected electrons up to
relativistic energies: the observed-ray emission is due to the cooling of the relativistic electrons.
As the out ow expands, it interacts with the environment surrounding the burst, producing
the afterglow emission through external shocks. The connection between the prompt and the
afterglow phases is therefore evident. In Chapter 7, | will delve into recent studies concerning
the relationship between the prompt emission properties and the subsequent radio emission
during the afterglow phase: these studies are crucial to shed light on the progenitor systems,
whose nature remains still elusive.

1.3 The Afterglow phase

Long awaited from theoretical considerations, the rst X-ray and optical afterglows were
discovered in GRB 970228 [6, 7]. The same year, the rst radio counterpart was found in
GRB 970508 [8]. Following the prompt - and X-ray emission, a multi-wavelength, continuum
and long-lasting afterglow emission is, in fact, expected. For long GRBs, it has been observed
that approximately 95% are detected in X-rays, around 70% in the optical and merely 30% in
radio [44, 45]. Similarly, for short GRBs detected by the NASA's Neil GehreBwift Observatory
(Swift) around 76% have detected X-ray afterglows but only 11% are detected in radio [46].
This discrepancy, which has been usually explained with di erent sensitivities of telescopes
across di erent bands, has recently been proposed to indicate a dichotomy in the population
of long GRBs analogous to what is observed in Active Galactic Nuclei, i.e. radio-loud and
radio-quiet GRBs. The latter classi cation has been proposed to point at di erent progenitors:
one of the possible explanations argues that radio-loud GRBs may originate from massive stars
collapsing in interacting binary systems, while radio-quiet GRBs hail from the collapse of isolated
massive stars [47]. Thus, observations of GRB afterglows are fundamental as they carry crucial
information on the surrounding environment and, consequently, on the progenitor. In Chapter 7
a comprehensive statistical analysis of radio afterglows of long GRBs will be presented.

In Fig. 1.5, a schematic representation of the afterglow light curve across di erent bands
is provided. It is important to emphasise that these illustrations are presented solely for
explanatory purposes and actual light curves can exhibit greater complexity. Concerning the
X-rays (upper left panel), the afterglow light curve is characterised by ve main components
[48]: (I) an initial steep decay at very early times, with a slope of roughly 3; (II) a shallower
decay, with a typical slope of 0:5; (1) a subsequent decay with a power law index of 1.2;
(IV) a late decay with a typical slope of approximately 2. Phase (I), known as plateau, and
phase (V), called are (dotted line), are observed only in a fraction of bursts. They are usually
associated with late time energy injection from the central engine (a BH or a NS). Phase (0) is
the X-ray prompt emission. Finally, the onset of phase (IV) marks the jet break. The latter
phenomenon is often interpreted as a geometrical e ect due to the non-spherical shape of the
ejecta (see Section 2.6 for a detailed explanation).

Regarding the optical (upper right panel), the light curve usually exhibits (0) an early,
single power law rise, which marks the onset of the observable emission; (I) a subsequent single
power-law decay, characterised by an index between 1 and 2; (I1) a post-jet break decay with a
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Figure 1.5: Sketch of the afterglow light curves, namely the ux density in time, in X-rays (upper left),
optical (upper right) and radio (lower). For each band, the prompt -ray emission is shown with a
grey line. The coloured solid lines are the continuum light curves expected for a forward shock. The
exhaustive description of the di erent phases for each band is provided in the text. Figures inspired by
G. Ghirlanda.

steeper slope. For some bursts, an early bump may be observed (indicated with a dotted orange
line, phase Ill). This bump can be explained within the framework of the standard model for
GRBs as originating from reverse shock emission (Chapter 2). Within a few days post-burst,
the emission of a Kilonova can be detected in the case of a short GRB (phase 1V, dashed orange
line). Conversely, in the context of long GRBs, the contribution from a SN can be predominant
at later stages (phase V, dashed orange line).

Moving to the radio domain, the afterglow typically becomes observable at later times,
extending over days, weeks, or even years in some cases (for instance, GRB 171205A [49]). The
radio light curve can be tentatively characterised by two primary phases: (I) an initial rise with
index between 0 and 2; (II) a decay with index between 1 and 2. Analogous to the optical regime,
the radio light curve can manifest an early bump linked to reverse shock (dotted line, phase Il1I).
In later stages, a shallower decay phase has been observed for a handful of GRBs (phase V),
which has been attributed to the transition of the GRB out ow to a non-relativistic expansion.
Finally, at early stages radio afterglows may also show some uctuations that are suppressed at
later times. These uctuations have been attributed to interstellar scintillation e ects [50 52].

In fact, radio waves are perturbed by the ionised interstellar medium in the Milky Way [50, 51],
inducing frequency-dependent variability in the observed ux. While di ractive scintillation
arises from the interference between rays di racted by small-scale irregularities in the ionised
interstellar medium, perturbations of the wavefront by large-scale inhomogeneities give rise
to refractive scintillation. Di ractive scintillation, which is narrow-band and highly variable,
occurs only when the apparent source size is smaller than a characteristic scale, known as the
di ractive angle. Consequently, di ractive scintillation diminishes as the GRB out ow expands.
Conversely, refractive scintillation, which has a limited e ect and acts on longer timescales, is
broadband and less sensitive to the source size [51]. Both diractive and refractive scintillation

e ects have been observed in GRBs (GRB 970508 [8, 53]; GRB 070125 [54]; GRB 130427A [55];
GRB 160625B [56]; GRB 161219B [57]). In most cases, the attenuation of scintillation has been
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Figure 1.6: Afterglow emission of GRB 130427A, spanning 16 orders of magnitude in frequency (from
10° Hz to 10°°Hz). Open points with error bars are measurements, while solid lines represent the
standard model prediction. Each colour marks a coeval epoch (from 0.007 days to 130 days). The inset
shows a magni ed version of the radio part of the SED at t> 0.7 days. Figure taken from [58].

used to unveil the expansion of the GRB out ow and to estimate a size of approximatelyd’ cm
a few days or weeks post-burst.

From the observational evidence of the light curves the prevailing suspected radiative
mechanism is synchrotron emission. This interpretation is also con rmed by the afterglow
spectrum that, contrary to the prompt emission, can span up to 18 orders of magnitude, ranging
from the very high energies¥ 100GeV) to X-rays, optical and near infrared (NIR), down to the
radio. In fact, simultaneous observations across the electromagnetic spectrum revealed that the
SED can be tted with several power law segments, which join at speci ¢ break frequencies that
can be precisely reproduced by synchrotron emission from a population of relativistic electrons
(Chapter 2). In Fig. 1.6 an example taken from [58] is shown. The modelling curves for the
SED of GRB 130427A, which are computed from a standard model including both forward and
reverse shocks, can explain the afterglow emission over 16 orders of magnitude in frequency and
4 orders of magnitude in time.

Despite the success of the standard model for GRBs, the last few years have witnessed the
opening of a new, exciting window in GRB spectrum, whose explanation requires an extension of
models and, in turn, of our understanding. In 2019, the Major Atmospheric Gamma-ray Imaging
Cherenkov Telescopes (MAGIC) reported the rst detection of very high energy emission from
a long GRB, speci cally GRB 190114C [59]. In the same year, very high energy emission was
reported from the afterglow of GRB 180720B, starting ten hours after the end of the prompt
emission phase [60]. Following these breakthrough discoveries, other four additional long GRBs
have been proposed to exhibit very high energy emission, namely GRB 190829A, GRB 201015A,
GRB 201216C and GRB 221009A. This emission has been seen at either early epochs (e.g.
GRB 190114C, 300 GeV 1 TeV [61], GRB 201216C [62] and GRB 221009A, 200 GeV - 7 TeV
[63]) or at later times deep in the afterglow phase (e.g. GRB 180720B, 100 400 GeV [60] and
GRB 190829A, 180 GeV 3.3 TeV [64]).

Studying this emission component provides the opportunity to constrain the physical char-
acteristics of the emitting region and/or the shocked accelerated particles. Nonetheless, the
detection of very high energy emission is challenged by pair production from the interaction
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Figure 1.7: Hardness ratio, i.e. uence ratio between the 50 100 keV and the 25 50keV bands, as a
function of Tgg duration for BAT (dark gray), BATSE (red), HETE-2 (blue), and BeppoSAX (green)
GRBs. Short GRBs (Tgp < 2s) exhibit a higher hardness ratio than long onesTgo > 2). Figure taken
from [65].

between very high energy photons and the extra-galactic background light, leading to a substan-
tial attenuation of the very high energy photons with increasing distance. Consequently, the
detection of very high energy photons from sources beyond redshift 1.5 is considered improbable.
Based on the very few events detected so far, it seems that the very high energy emission char-
acterises both very energetic events, such as GRB 180720B and GRB 190114C, and low-energy
events, such as GRB 190829A and GRB 201015A, but any possible peculiarities of very high
energy detected bursts will become clearer as the sample of events increases. What is the origin
of the very high energy emission? To answer the question, high-quality, broadband observations
of nearby GRB afterglows are needed. In Chapter 4 | will present the multi-wavelength analysis

of GRB 201015A carried out during my Ph.D course.

1.4 Short Gamma-Ray Bursts

The classi cation of GRBs into two distinct classes has been widely proved over the past
two decades. In addition to their shorterTyo duration, short GRBs are also characterised by
higher spectral hardness when compared to long GRBs. This di erence is highlighted by the
generally larger ratio between the uence, namely the ux integrated over the event duration,
at higher and lower energy bands, as depicted in Fig. 1.7 from [65]. Broadly speaking, short
GRBs exhibit fainter luminosities, with isotropic equivalent energies typically ranging from 19
to 10°2 erg [66]. Furthermore, their average spectroscopic redshift is around 0:5 [17], placing
them closer in terms of distance compared to the average range for long GRBs.

The distinction between short and long GRBs is not solely con ned to their prompt emission
features. In fact, this idea is reinforced when considering the burst environment, their afterglow
properties and their multi-messenger emissions. These aspects will be presented in the following
sections.
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1.4.1 Host Galaxies

The launch of the Swift satellite in 2005 marked a breakthrough in GRB science. Because of
its sensitivity and reduced slewing time, it was possible for the rst time to detect an X-ray
afterglow for a short GRB [67]. Together with the afterglow emission, a host galaxy candidate
was detected for the same burst, GRB 050509B, opening a new window on the study of the
environment of the progenitors. Many other host galaxies of short GRBs have been identi ed
afterwards, but the initial comprehensive studies on short GRB host galaxies were limited to
those cases in which a detection in the optical was available [14, 68]. Nevertheless, it was
immediately clear that short GRB hosts were not drawn from the same parent population
of long GRB hosts, but rather from the underlying eld galaxy distribution [14]. Through
multi-band optical and NIR observations of a small sample of three GRB host galaxies, it was
initially posited that short GRBs might be originating from compact binary mergers situated
relatively close to their star-forming regions within the host galaxy [68]. However, a subsequent
work based on a larger sample of 10 short GRB host galaxies observed with Hgble Space
Telescope(HST) revealed that [69]:

A

short GRBs host galaxies are, on average, larger by a factor o than the hosts of long
GRBs.

A

Approximately 75% of short GRB hosts are young, star-forming galaxies. Nevertheless,
some short GRBs originated in older, quiescent host galaxies, implying that the progenitors
of short GRBs exhibit a wide range of formation timescales [17].

A

The projected physical o set between the position of short GRBs and the centre of their
host galaxies range from 1 to 50 kpc, with a median of about 5kpc, which is roughly 4
times larger than for long GRBs [70]. More recently, the median physical o set increased
up to 7.7 kpc [18]. This is in agreement with the expected distribution of compact binaries.

These results were con rmed and further re ned by subsequent analyses of larger samples [15,
17, 18, 70]. Additionally, it was found that short GRBs do not spatially trace star formation or
stellar mass, which is in agreement with the general notion that NS NS or NS BH binaries may
be ejected from their birth sites due to the natal kicks generated in the binary formation process
[15]. Moreover, it was recently proposed that the physical o set from the host centre decreases
with increasing redshift [17, 70]. If con rmed, this could be an evidence of two formation
channels in short GRBs. The majority (around 80%) of short GRB progenitors would belong to
a population of binaries that originates in young, star-forming regions and merge in a short time.
Conversely, a small fraction of compact binaries, which are found predominantly in older, closer,
quiescent galaxies, would exhibit longer delay times between the formation and the merger.
Other possible explanations for the redshift evolution include a larger size of l@galaxies, or
selection biases in the sample [70].

Concerning the overall properties of short GRB hosts, a recent study involving a sample of 69
host galaxies yielded important median quantities for the stellar population within the galaxies
[17]. Speci cally, the authors found thatlog (M>=M ) = 9:69'Y%., SFR= 1:44'93/M yr 1,
tn =0:8 %2 Gyr, log(Z=Z )= 0:38%75 and A, = 0:43"%8 mag (686 con dence), whereM
is the total stellar mass, SFR is the star formation ratet,, is mass-weighted ageZ- is the stellar
metallicity and A, is the total dust attenuation.The average spectroscopic redshift found is
z = 0:47"%32. The wide ranges of ages, metallicities and SFRs corroborate the general idea that
short GRB progenitors form in a plethora of di erent environments. Interestingly, no relation
was found between the aforementioned host properties (stellar mass, SFR, age, metallicity and
dust attenuation) and the circumburst density, the GRB projected physical o set and the optical
afterglow [17]. Nonetheless, the authors suggested that most short GRBs in quiescent hosts
exhibit shorter Tyg durations and lower uences than those in star-forming galaxies [17].
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Figure 1.8: Optical light curve of AT 2017gfo. Figure taken from [80].

Finally, it is worth noticing that the optical emission of host galaxies might be a ected by
dust obscuration, hence the SFR derived with optical estimators may be underestimated. On
the contrary, radio and sub-millimeter observations are not a ected by dust and they represent
a valuable tool to determine the level of obscured star formation and the overall properties of
host galaxies [71]. However, less thanl5 short GRBs have a radio counterpart (e.g. [46])
and even less have an associated host galaxy detected in this band. Therefore, even though
radio can play a fundamental role, studies of host galaxies in this band are hitherto hindered
by the paucity of detections. The advent of new, more sensitive facilities such as the Square
Kilometre Array (SKA) and the next generation Very Large Array (ngVLA), will provide us
with an unprecedented view on the environment of short GRBs.

1.4.2 Kilonovae

The tidal forces experienced during the spiralling phase by a NS in close binary system
with another NS or a BH lead to ejection of small fraction of matter (10° - 0.1 M ) with
a sub-relativistic velocity [72 74]. Due to emission of gravitational waves, the orbit decays
and the compact objects will eventually merge. The coalescence, which produces a highly
magnetised NS or a spinning stellar mass BH, releases further material into the surrounding
medium. The expanding material ejected before and after the merger event is endowed with
signi cant quantities of neutron-rich elements whose radioactivity provides a long-term heat
source [75]. It has been suggested that, if the ejected matter consists mainly of r-process nuclei,
NS mergers could account for the observed abundance of r-process elements in our Galaxy [73].
The overall process is expected to produce a short-lived optical/NIR transient similar to, but
dimmer than, an ordinary supernova, known as Kilonova [75, 76]. Therefore, the detection of a
Kilonova (KN hereafter) can be considered as a signpost of a compact binary merger involving
at least one NS.

The rst evidence for such an event came precisely from the observation of GRB 130603B [77,
78]. The optical and NIR emission associated with this short GRB a = 0:356was signi cantly
brighter than what would be expected from the extrapolated contribution of the afterglow,
supporting the hypothesis of a merger origin for short GRBs [79]. The observed properties of
the KN could be reproduced by a simple KN model with an ejected mass of 0.03 - 0.08 &hd
a velocity of 10 - 30% the speed of light [78].

Simulations of binary mergers predict that the ejected material might be divided into two



12 CHAPTER 1. GAMMA-RAY BURSTS

Figure 1.9: Evolution of the spectrum of AT 2017gfo. The epoch of each spectrum is reported on the
right (in the MMDD format). Figures taken from [81].

components: an outer, lanthanide-free region that produces a brief 2 d), bluer optical transient
and an inner region rich in lanthanides, which produces a longer {0d), redder transient (see,
e.g., [82]). The dearth of available data with enough quality hindered the quest for the blue and
the red regions until 2017. The discovery of a KN emission, named AT 2017gfo, associated with
the multi-messenger event GW 170817 / GRB 170817A represented a major breakthrough: an
extensive campaign in the optical and NIR, including the Rapid Eye Mount (REM) telescope,
the ESO Very Large Telescope (VLT) and the ESO VLT Survey Telescope (ESO-VST), with an
almost daily cadence provided for the rst time ever the spectral evolution of a KN emission
[81]. In Fig.1.8, the optical light curve of AT 2017gfo from [80] is shown, while the spectral
evolution from [81] is presented in Fig.1.9. The rst spectrum reveals a black-body emission
with temperature of roughly 5000K [81]. Subsequently, the shape of the spectrum changes
dramatically and broad absorption lines appear. The evolution of the spectrum is consistent
with predicted KN emission: at rst, the expanding material is optically thick, and the blue
lanthanide-free black body emission is observed; later on, the spectrum is dominated by the
contribution of new atomic species produced in the nucleo-synthesis [81, 83]. The derived mass
for the ejecta was around 0.03 - 0.05 M

More recently, a third KN was detected in GRB 211211A, a long GRB at = 0:0763
[27]. Observations of GRB 211211A could be reproduced by a KN model that includes a
red (lanthanide-rich), a "purple’ (with an intermediate opacity) and a blue (lanthanide-free)
components. The total ejected mass derived was 0.05 MThe fact that this KN was detected
in a long GRB questioned the accepted idea that long GRBs originate in the collapse of a single
massive star. In fact, this burst represented the rst compelling evidence that at least some
long GRBs hail from compact binary mergers.

As the kilonova expands, it will eventually interact with the surrounding medium, producing
a KN afterglow by shocking the ambient gas (see, e.g., [84, 85]). This interaction is expected to
produce a rebrightening of the radio afterglow, making it detectable for years after the GRB. The
emission from a KN afterglow will provide fundamental constraints on the velocity distribution
and the total energy of the material ejected before and during the merger [85]. Hitherto, only
one candidate for a KN afterglow in the X-rays has been proposed [86, 87]. With the improved
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sensitivity and surveying capabilities of the next generation of radio observatories, such as the
SKA and the ngVLA, it will be possible not only to detect the KN afterglow of short GRBs for
decades, but also to discover new orphan afterglows, i.e. o -axis GRBs for which we cannot
observe the prompt -ray emission. Therefore, future radio facilities represent a fundamental
asset to independently characterise and constrain the out ow of a KN, its circum-burst medium
and the rate of compact binary mergers.

1.4.3 Gravitational Waves

After almost 100 years from Einstein's prediction, gravitational waves (GW) were detected
from the coalescence of a binary BH pair, initially with the Laser Interferometer Gravitational-
Wave Observatory (LIGO; [88]) and later using the combined LIGO-Virgo global 3-detector
network [89]. These milestones opened the era of GW astronomy. The General Relativity theory
postulates that a GW signal produced by two compact objects in a close orbit should increase
in frequency and strength as the objects approach each other; this is known as a chirp signal
(see Figure 1.10). The shape of this chirp signal strongly depends on the properties and the
nature of the binary. The main parameters to consider are intrinsic, such as the initial masses,
the spin angular momenta and the tidal deformability of the two objects, and extrinsic, namely
the localisation of the GW event in the sky, the luminosity distance and the orientation of
the binary angular momentum. As GW signals are swamped in gaussian noise, they can be
detected only with the matched Itering technique: a template of the expected waveform is used
to Iter the data in order to identify any possible signal drowned in the data that is similar to
the predicted template.

On 2017 August 17, a GW signal from a NS binary coalescence was detected by Advanced
LIGO and Advanced Virgo (Figure 1.10; [90, 91]). After 1.740.05s, a short GRB was detected
by Fermi GBM [92]. Soon after the optical counterpart was found [93], while the X-ray and
radio emissions were detected 9 [94] and 16 days post burst [95], respectively. The extensive,
multi-wavelength campaign that followed provided the most detailed light curves and spectra
for a short GRB to date (see, e.g., [96]). The event, known as GW 170817 / GRB 170817A,
was also associated with the rst spectroscopically con rmed KN, AT 2017gfo. This impressive
discovery signposted the dawn of multi-messenger astrophysics with GW. Combining the
electromagnetic and the GW information, it was possible to constrain in an unprecedented way
the progenitors, the geometry and the structure of the GRB. From the GW signal a primary
mass between 1.36 and 1.89 M a secondary mass between 1.00 and 1.36 Mnd a total mass
of 2.77%22 M were derived [97]. The spin angular momenta were less constrained, with the
dimensionless value ; ranging from 0 to 0.61 [97]. Finally, the system was found to be inclined
with respect to the observer's line of sight of roughly 150

Concerning the electromagnetic counterpart, the prompt -ray light curve of GRB 170817A
consisted of a spike of 0.5 s, followed by a lower-signi cance tail of softer emission, with total
duration of Tgo = (2.0 0.5)s. The peak energy of the spectrum and the isotropic equivalent
energy wereE, = (185 62)keV andEjs, = (3:6 0:9) 10 erg (10 1000 keV), respectively. As
highlighted by [96], the fact that GRB 170817A is signi cantly less energetic than cosmological
short GRBs is in agreement with an o -axis con guration of the binary system. In fact, while
the GW signal is maximised when the plane of the orbit is inclined, with an observer's angle of
30, the GRB emission is considerably suppressed.

The later afterglow emission of GRB 170817A showed a single power law spectrum from the
X-rays down to the radio. Such a behaviour can be explained by an optically thin synchrotron
emission from a population of relativistic electrons: in fact, if the minimum injection frequency
lies below the observed radio band and the electron cooling frequency is above the X-rays (see
Chapter 2), the very same synchrotron regime is observed at every wavelength. Even though
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Figure 1.10: Time vs frequency representations of the GW signal from GW 170817, observed by the
LIGO-Hanford (top), LIGO-Livingston (middle), and Virgo (bottom) detectors. Times are shown
relative to 2017 August 17, 12:41:04 UTC. The chirp signal is clearly visible in LIGO-Hanford and
LIGO-Livingston data. Figure taken from [90].

under these circumstances the break frequencies could not be constrained properly, the spectrum
provided the most precise measurement of the electron distribution index evers 2:166 0:026
[96]. The slowly rising ux, uniquely unveiled by the radio observations between 1 and 7 months
as shown in Figure 1.11, invoked either a highly collimated jet with an angular structure or
an isotropic out ow with a distribution of its radial velocity pro le. In fact, simulations of
NS-NS mergers show that when a jet pierces through a pre-ejected denser material a mildly
relativistic, wide-angle cocoon is produced. If the jet has enough energy, it can successfully
drill the matter and a highly collimated ultra-relativistic out ow emerges. That being the case,
the nal outcome is a system with a jet and a cocoon. Conversely, if the energy content is not
su cient, the jet is quenched and a pure cocoon is produced.

For GRB 170817A, the two models could be distinguished only by exploiting the high angular
resolution provided by the Very Long Baseline Interferometry (VLBI). In particular, VLBI
observations with the High Sensitivity Array (HSA) showed the apparent superluminal motion
of the centroid of the radio emission with a velocity,,, = (4:1  0:5)c between 75 and 230d
[101], wherec is the speed of light. Moreover, global-VLBI observations involving 32 radio
telescopes all over the world constrained the apparent size of the unresolved radio source to
<2.5mas at 270.4d post burst (90% con dence level, [100]). Overall, these measurements ruled
out a quasi-spherical out ows and provided the rst direct evidence that NS-NS mergers are
able to launch highly collimated relativistic jets that pierce through the material spread around
by the merger, as rst posited by [3, 79].

GW 170817 / GRB 170817A represented a breakthrough with deep implications on many
scienti c areas. However, this event occurred in a galaxy at 40 Mpc [102], while the median
redshift for short GRB is 0.64 (68% con dence level, [17]). Therefore, to probe the population
of cosmological short GRBs, both GW and electromagnetic facilities with higher sensitivities are
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Figure 1.11: Multi-frequency light curve of GRB 170817A. Fluxes are re-scaled for the ease of the
presentation. The intermediate epochs (25-100 days) are sampled by radio observations when the ux
density has a shallow rise. This evidence required the introduction of a velocity pro le in the the
simplest cocoon model [98] or an angular-structured jet model [99]. Only with VLBI observations it
was possible to distinguish between the two of them. Figure taken from [100].

required. The ongoing fourth observing run (O4) of the LIGO, Virgo and KAGRA network is
meant to extend the accessible horizon up to 200 Mpc. The expected detection rate i$33dor
NS-NS mergers and B! for NS-BH mergers, providing new opportunities for multi-messenger
studies of these extraordinary sources.

1.5 Long Gamma-Ray Bursts

In comparison to short GRBs, long GRBs exhibit a wider range of spectroscopic redshifts,
spanning fromz  0:008to z = 8:1 [103, 104], with an average value & 2 [16]. Additionally,
they are generally more energetic, with isotropic equivalent energies that typically range from
10% to 10°%erg [22]. In many cases, long GRBs have been associated with SN events [105].
Moreover, in the last few years afterglow emission of long GRBs has been detected up to
teraelectronvolt (TeV) energies. In the next sections | will present the latest and most relevant
observational discoveries concerning long GRBs. While the collapse of an isolated massive star
should result in the emission of GWs, the precise GW waveform remains uncertain as it relies
on poorly understood explosion mechanisms. At the time of writing, no empirical evidence of
such GW emission has been found; thus, GW emission associated to long GRBs will not be
discussed.

1.5.1 Host Galaxies

The environment surrounding GRBs provides fundamental clues to trace the origin of their
progenitor back. Optical/NIR photometry and spectroscopy have been extensively employed to
gauge stellar masses, SFRs, dust extinctions and metallicities of the galaxies hosting GRBs. One
of the rst, pioneering attempt to characterise the circum-burst medium included a sample of 46
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galaxies observed in these bands, spanning a redshift between 0 and 6.3 [106]. The authors found
that GRB hosts are generally small, star-forming galaxies with low metallicity. The derived
SFRs ranged from 0.01Myr 'to 36 M yr !, with a median at 2.5M yr 1. The metallicity

for host galaxies atz < 1 was between a tenth of solar to solar [106], in agreement with the
hypothesis that the production of a burst is heavily suppressed in more metal-rich environments
[107]. Subsequent studies have corroborated these properties [108, 109]. Speci cally, a median
redshift of 2.14  0.18 for Swift GRB hosts was found [110].

To establish a connection between long GRBs and other astrophysical transients, their
host galaxies have been compared with those associated with di erent explosive phenomena.
Interestingly, it was found that long GRB hosts are not statistically di erent from galaxies
harbouring core-collapse SNe [111] or Hydrogen-poor superluminous SN [112], although they
tend to be smaller, less massive and less luminous [113, 114]. If long GRBs are associated
to SNe, it may be expected that they are unbiased tracer of the SFR over the cosmic time.
Although a conclusive picture has not been drawn yet, the current understanding suggests that
long GRBs tend to avoid massive galaxies [113] and they prefer the bright, inner regions of their
hosts [114, 115]. Therefore, long GRBs do not appear to be an unbiased tracer of the cosmic
star formation history. Nevertheless, the SFR derived with optical estimators, such as the H
H ; or NIl emission lines, may be a ected by dust absorption.

As previously highlighted, radio and sub-millimeter observations play a crucial role in
assessing the obscured star formation [71] and exploring interactions between the host galaxy
and the surrounding intergalactic medium [116, 117]. In fact, by comparing the SFR derived
from the radio with the value provided by optical estimators, it is possible to determine the
amount of dust within the host galaxy [71, 118]. The rst study of the radio properties of GRB
host galaxies comprising 20 sources revealed that the SFR inferred from the radio measurements
exceeds the values determined from the optical by an order of magnitude, suggesting signi cant
dust obscuration [118]. Conversely, the observations of ve GRB host galaxiesak 0.5 showed
a radio-derived SFR< 15M yr 1, in agreement with the values inferred from optical estimators,
suggesting little dust obscuration [119]. The latter result was subsequently con rmed using
a complete sample of 30 hosts with < 1, including those from the The Optically Unbiased
Gamma-Ray Burst Host (TOUGH) sample [110] and sources compiled from the literature [120].
The authors found that at least 63% of GRB hosts have SFR 100M yr ! and at most

8% can have SFR> 500M yr 1. Surprisingly, & 88% of thez. 1 GRB hosts have UV dust
attenuation Ayy < 6.7mag and A- < 3mag, suggesting that the majority of GRB host galaxies
are not heavily obscured by dust.

Other studies tackled this problem [116, 117, 121 125] and, although they generally agree
with the hypothesis of little dust obscuration, a conclusive result is still pending due to the
dearth of detected sources: among the approximately 87 host galaxies that have been observed
in the radio, only 20 have a con rmed detection, corresponding to a 23% detection rate
[126]. As a consequence, important questions regarding whether or not long GRBs are unbiased
tracers of the cosmic star formation history, or if they provide insight into a particular formation
channel of young massive stars, remain elusive [71, 127].

1.5.2 Supernovae

The association of SN events with many long GRBs is undoubtedly one of the strongest
evidence that short and long GRBs hail from di erent progenitors. The optical emission of
GRB is generally dominated by the contribution from the afterglow phase, produced in the
interaction between the ejecta and the surrounding environment. In order to detect the signature
of a SN, the optical afterglow has to fade rapidly [128]. At present, a SN has been identi ed
in coincidence with many long GRBs, while only a handful of short GRBs have shown a KN
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Figure 1.12: Optical light curves of SN1998bw at, R, V, B, U bands. The ux has been rescaled for
the sake of presentation. The light curve of the Type Ic SN 1994l is shown for comparison. Figure
taken from [105].

emission, suggesting that the majority of long GRB are produced in the catastrophic explosion
of massive, single stars, such as Wolf-Rayet stars [129].

The rst discovery of a SN coincident with the position of a GRB occurred for GRB 980425
[105]. The SN, named SN 1998bw, was identi ed within a spiral arm of the galaxy ESO 184-G82
(z = 0:00856 and it was classi ed as a highly luminous type Ic SN (Fig.1.12). The optical
light curve could be adequately explained by the core collapse of a massive carbon-oxygen star,
occurring concurrently with the GRB. Notably, the radio emission of SN 1998bw exhibited an
unusually high luminosity at its peak, with a total radio ux reaching approximately 50 mJy
[130]. The interpretation of the radio light curve required the propagation of a shock through
the supernova ejecta at relativistic velocities [130]. Consequently, the radio emission provided
the rst observational evidence that GRB are associated with the production of relativistic
shock waves. Given that GRB 980425 had a total-ray energy of approximately 9 10* erg, it
fell within the low luminosity tail of the GRB energy distribution [105]. Therefore, the detection
of a SN in coincidence with such a low luminous GRB was primarily due to its close proximity.

In the same year, a SN linked to GRB 980326 was reported. The overall optical light
curve consisted of a transient coincident with the afterglow phase of a GRB, succeeded by a
rebrightening associated to a SN. The observed emission could only be explained by assuming
a cosmological origin of the GRB [128]. Subsequently, further connections between SNe and
GRBs were established, including SN that closely resembled SN1998bw (e.g., GRB 030329; [131,
132]) as well as those signi cantly di erent from it (e.g., GRB 011121; [133]). The diversity
in SN characteristics suggests that SNe associated with GRBs may exhibit a wide range of
properties. Since then, numerous additional associations have been con rmed, further supporting
the collapsar origin for long GRBs.

1.5.3 Very High Energy emission

The primary emission mechanism responsible for GRB radiation is widely believed to be
synchrotron radiation. In fact, the broadband afterglow phase has been successfully explained
from the high energies to X-rays, optical and NIR, down to radio with the synchrotron emission
of electrons. Over the last two decades, it has been suggested that emission at very high
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Figure 1.13: Spectra of GRB 190829A includingwift-XRT (black region), Fermi LAT (green arrow)
and H.E.S.S. (red region) data for two nights of observations. The shaded areas represent the best t
predicted by a model dominated by the synchrotron emission (light blue) and a standard SSC model
(orange). The synchrotron component within the SSC model is indicated by dashed curves, while the
dashed-dotted curves show the inverse Compton component. Figure taken from [64].

energies (VHE, >100 GeV) may result from inverse Compton scattering [134]. The detection
of an additional VHE component in the afterglow spectrum presents an invaluable piece of
information essential for discerning the physical conditions of the emitting region and/or the

shocked, accelerated particles.

The rst print of inverse Compton scattering of synchrotron photons was reported in
GRB 090902B and GRB 090926A, in which the GeV light curve attened and the LAT spectrum
hardened, a feature expected when the peak of the inverse Compton scattering of synchrotron
photons reaches the band of LAT (20 - 300 GeV; [135]). In 2013, the identi cation of a 95 GeV
photon at 244 s post-burst in GRB 130427A further challenged the hypothesis of a single
mechanism governing the emission observed from GeV to radio frequencies [135]. Until 2018, the
guest for a VHE component yielded only upper limits (see, e.g., [136]). As mentioned before, the
detection of VHE emission is hindered primarily by pair production caused by the interaction
between VHE photons and the extra-galactic background light. This interaction leads to a
substantial attenuation of the VHE photons with increasing distance. Az 2, the Universe
becomes opaque to VHE photons.

Finally, in 2019 the MAGIC telescopes detected photons ranging between 300 GeV and 1 TeV
in GRB 190114C [59], from approximately 50s td(®s post-burst. The observed emission,
consistent with being generated during the afterglow phase, could not be accurately modelled
with a single component emitting synchrotron radiation. This discovery opened a new era of
VHE studies on GRBs. In the same year, the H.E.S.S. collaboration reported the detection of
VHE emission between 100 and 400 GeV from the afterglow of GRB 180720B, ten hours after the
end of the prompt emission phase [60]. Subsequently, three more GRBs were detected at VHE
with high signi cance. GRB 190829A exhibited emission between 180 GeV and 3.3 TeV from 4
to 56 hr post-burst [64]. GRB 201216C was detected after about 57 s post-burst by the MAGIC
telescopes [62]. Lastly, the outstanding GRB 221009A was detected within 3000 s post-burst by
the Large High Altitude Air Shower Observatory (LHAASO) between 200 GeV and 7 TeV [63].
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The most natural interpretation for the VHE emission is the synchrotron self-Compton
(SSC) process. This occurs when synchrotron photons are Compton up-scattered by a factor
2, where . is the Lorentz factor of the electrons, by the same population of electrons that

emit them. Other potential explanations include standard synchrotron emission and external
inverse Compton (EIC). A single component dominated by synchrotron radiation can account
for the VHE emission if either the forward shock has a high bulk Lorentz factor, of the order of
100, hours post-burst, which is in contrast with the standard hydrodynamic predictions, or an
unconventional distribution of accelerated electrons [64]. For GRB 190829A, the VHE emission
detected by the H.E.S.S. telescopes was rst interpreted as synchrotron emission (Fig. 1.13; [64]).
However, multi-wavelength follow-up studies agreed on an SSC emission origin [137 139]. Lastly,
if the accelerated electrons encounter a photon eld external to the jet, these seed photons can
be up-scattered through inverse Compton. This process, known as EIC, is expected to occur
in the presence of late time accretion events [140], a cocoon [141] or a KN, in the case of a
short GRB [28]. As previously mentioned, multi-wavelength follow-up campaigns represent a
fundamental asset in discriminating between the proposed emission mechanisms.
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Chapter 2
The standard model for GRBs

In this chapter, | present the standard model generally employed to explain the observed
emission of GRBs. It is thought that GRBs are produced in the dissipation of kinetic energy
through internal processes due to shocks. A thorough description of the standard model for
GRBs is beyond the goal of this Thesis, hence | provide a summary of the physical con guration
and the emission mechanisms. For detailed information, interested readers are encouraged
to refer to [22, 23, 142 144]. First, | present the argument for which we know that GRBs
are ultra-relativistic sources in Section 2.1. In Section 2.2, | derive useful formulas for the
synchrotron emission of a population of relativistic electrons. These formulas will be used in
Section 2.4 and 2.5 to explain the prompt and afterglow model, respectively. | present the
three reference frames involved in the model, together with the relations between quantities as
viewed by di erent observers in Section 2.3. Lastly, in Section 2.6 | brie y discuss well-known
deviations from the simpli ed picture exposed in this chapter. Throughout the chapter, | used
the notation Qy to indicate a quantity Q in units of 10¢.

2.1 Compactness problem

Regardless of the nature of the sources that produce GRBs, from a simple argument it is
clear that GRB are produced by the dissipation of kinetic energy of an ultra-relativistic reball.
The variability observed in the prompt -ray emission has a typical timescale of = 1 - 100 ms
and 10ms - 1s for short and long GRBs, respectively. To ensure causal connection, the linear
scale of the emitting region must be of the order d® ' ct' 10’ 10cm, wherecis the speed
of light. Given a burst with a luminosity distanced, from the observer and an observed u¥,
the photon density inside the reball will be

3Eio , 3RFt , 3dF
4R 3 c3t3 c3t2

where is the characteristic energy of the photons, approximately 1 MeV. At these energies, the
main interaction is photon - photon annihilation, for which the optical depth is

= nR' 10®

where 1 is the Thomson cross section, is the probability that a photon interacts with
another photon whose energy is su cient for pair creation. With such a high pair opacity, the
spectrum of GRBs should display a sharp cut-o at high energies, which is in contrast with the
observed high energy emission.

The aforementioned paradox is solved if one assumes that the reball is expanding at
relativistic speed towards the observer. That being the case, two corrections must be included
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[22]. First, the energy of the photon in the reball rest frame decreases by a factor, where is
the bulk Lorentz factor of the ejecta. This means that the energy threshold for pair annihilation
increases by 2, namely the energy ¢ a photon needs to annihilate another photon of energy
1S e = 2. Second, the size of the source beconieg, = 2ct = Z°R (see, e.g., [23]).
Assuming that the photon distribution N follows a power law of the typeN / , the optical
depth in the relativistic case becomes

B B 3d?F ) 3d? 3d? 2 2

rel  — TNrel Rrel - TWR / Trrez/ TT
where | used the fact thatF=, / N/ ., = ( 2 . Itfollowsthat .o / 2 2
and with ' 10Q the reball becomes optically thin to photon - photon annihilation. Therefore,

GRBs must be ultra-relativistic.

2.2 Synchrotron emission

Observations of both prompt and afterglow broadband emission reveal a non-thermal
spectrum, which can be explained with synchrotron emission from a population of electrons that
have been accelerated up to relativistic energies. The latter radiative mechanism was extensively
explored in the last ve decades, hence the interested reader can refer to, e.g., [145 147] for
detailed information. In this section | provide a general overview to derive the main relations
required in GRB models.

Let's start with the motion of an electron with massm, and electromagnetic charge in
a magBetic eld B. If the electron is moving with a relativistic velocity and Lorentz factor

=1= 1 2, the total emitted radiation P°will be [145]
_ 2e'B® 2 2gj?
B 3m.c3

where is the angle between the velocity of the particle and the magnetic eld lines, known
as pitch angle. | will use a single quote mark when referring to quantities as measured in the
comoving frame. The frequency of the rotation of the electron around the magnetic eld lines is

PO

2.1)

eB?
Me C
While the distribution of the emitted radiation is isotropic in the comoving frame, an external
observer sees a pulse of radiation with a length smaller than the rotation frequency, which
is 2 /! g, due to the relativistic beaming e ect. Therefore, the spectrum will extend over a
frequency range larger thadl g =2 .
In order to compute the spectrum of the synchrotron emission of a population of electrons
as viewed in the observer's reference frame, one needs to derive the emitted power per unit
frequencyPq! ) rst. From [145] one can write

!B:

(2.2)

dw? !
Pyl )= T CiF -

= crit

(2.3)

whereC; is a constant,F is a function that is not known a priori and! . is the critical
- crit

angular frequency [145, 146], de ned as

3 : 3 2eBOsin
! crit é 3! gSin = Tec (24)
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By introducing the variable x = ! /! oy = / 4it, the total emitted power can be written as
Z, Z, | Z,

PC=  PY)dl =C; F — d =15C  F(x)dx (2.5)
0 0 - crit 0

Inserting eq. (2.1) and (2.4) into eq. (2.5), it is possible to derive the consta;:

0 2qj
_ 4€°B° ?sin R, 1 (2.6)
9 me? o F(x)dx

C

Since the factorRO1 F (x)dx is a normalisation factor of a function that is not known, we
can set it to be

Z, 8

F(x)dx = §p—:_)’ (2.7)

0
This arbitrary choice is motivated by the requirement that the total energy loss (integrated

over the frequency) of a charge particle in a magnetic eld is [146]:

dd—f =2 1CUpyg 2 ?sin? (2.8)

where Upag = B®/8 is the energy density of the magnetic eld. Therefore, the radiated power
per electron per unit frequency is

P~ .
3e®BYin ! 1
= = F = P 2.9
crit 2 mec2 ! crit 2 O( ) ( )

PY!)= CiF .

The next step is to integrate over a distribution of pitch angles. To do so, | assume an
isotropic distribution of angles, as the magnetic eld lines can be considered su ciently tangled
that there is no preferred orientation for the velocity vector. Therefore, the isotropic distribution
of pitch angles takes the form

f()= %sin (2.10)
and the isotropic radiated power per electron per unit frequency becomes [142]
p_
3e’B°
P%o = M Fiso (X) (2.11)

where the isotropic synchrotron function is
Z Z

Fiso =2 f()sinF ()d =2
0 0

2

sin? F (x)d (2.12)

NI

where the factor 2 comes from the fact that the integral is symmetric, and therefore it can
be computed in the rst quadrant. Lastly, P%, needs to be integrated over a distribution of
electron energies, as every electron in the shell will have a di erent Lorentz factog and hence

a di erent critical frequency. From standard acceleration processes in shocks, we expect the
distribution to follow a power law between two extreme values, and :

NO e g .
=_° _£ with R ¢ (2.13)
p p

where Ng is a normalisation factor. If the electrons are adiabaticq is the usual electron
distribution index p, , is the injection energy ; and ; is the cooling energy .. Conversely,
if the electrons are radiative, i.e. they e ciently cool in a timescale much shorter than the

N
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remnant age [143]g=2, ,= cand = ;. Imposing that the total probability of having an
electron with energy between , and ; is one, we get the normalisatiomN,:
qg 1
p
and therefore the average radiated power per unit frequency per unit electron becomes [142]
p_
3e’B°
P2 (x) = FpL (X) erglcm?/s/Hzle * (2.15)
MeC?
where 7
t NO o q
Fpo(x) = Fiso— — de (2.16)
b P P

The total emitted power per unit frequency can be derived by multiplying the average
power of a single electron provided in eR2.15) by the total number of accelerated electronsl..
However, as it will be clear in Section 2.4 and 2.5, | will focus on the maximum ux density,
which gives the normalisation for the spectrum as viewed by an external observer. To derive
this quantity, | shall consider the maximum of the average radiated power. The maximum of
eq. (2.15), located atx,, can be written as [142]:

dE® P 30
dtd 0 mec?
where = Fp(Xp). In order to obtain the maximum ux density in the observer's frame,

which is going to be used as a normalisation factor for the light curves and spectra in Sections
2.4 and 2.5, many ingredients must be considered. First, the ux density is de ned as

PO = (2.17)

dE
F= Gdadd (2.18)

wheredA =4 d ? is the unit surface that receives the radiation. While the quantitydE/ dt
is a Lorentz invariant,d = d Y(1+ z) andd ' d 9 2[145]. Therefore, the maximum ux
density in the observer's rest frame will be:

NeP, _ P 3ep0

T 2d2d  4d2m.&

F Ne(1+ 2) (2.19)

2.3 Three reference frames

Since GRBs are ultra-relativistic, even in the simplest model for their emission three reference
frames must be considered: the central engine, the moving shell ejected from the engine and the
observer. The physical quantities as viewed in the reference frames are di erent and they are
related through Lorentz transformations. Throughout the section, | will denote quantities in
the comoving frame with a single quote mark, while quantities as viewed by the central engine
and the observer will be marked with the subscripeng and obs respectively.

If two photons are emitted from a shell with a width R n R at a distanceR from the
central engine, the time interval between the emission of the two photons it = t3, t9. in
the comoving rest frame. However, as the shell is expanding, for non-comoving reference frames,
l.e. the central engine and the observer, the two photons are emitted at di erent locations. In
order to link the same quantity as viewed in the three reference frames, | must consider just as
many ingredients: the causal connection, the propagation of the photons and the cosmological
redshift.
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Figure 2.1: Schematic representation of the three reference frames: the central engine, the shell ejected
by the central engine, the observer. The shell is expanding with relativistic velocity . Detailed
explanation of the gure is provided within the text.

First, the shell is in causal connection with the central engine, hence the observed time
interval between the emission of two photons as measured in the central engine reference frame
te = t2e t1e iS NOt equal to the actual time interval between the two signals in the same

reference frame, teng = toeng tieng. IN Figure 2.1 a schematic representation of the physical
con guration is provided. The relation between the two times can be derived:
(
tieng = t1e R=c

(2.20)
treng = t2e R=C te

where is the speed of the shell in units of speed of ligltt Combining the equations in the
system (2.20) one gets:

eng = tzeng  tyeng = tze  lie te=(1 ) te (2.21)
If . 1, asitis expected for GRBs, therl ' 1=(2 ?) and therefore
te
teng = ﬁ (2.22)

Concerning the propagation of photons, let's consider that two photons are emitted at
di erent angles with respect to the straight line connecting the observer with the central engine,
i.e. the line of sight. In the observer's frame, the time interval between the detection of the two
photons tops = taops  t1:0bs IS Clearly di erent from the time interval between the emission of
the two photons by the shell te = toe t1.c (always observed in the observer's reference frame).
Following the argument presented before, one can derive the relation betweety,s and te:

t1;00s = t1e + L=C

(2.23)
to.ons = t2e+ L=C cos te

where is the angle at which the photon is emitted, with respect to the line of sight of the
observer, andL is the distance between the shell and the observer (see Figure 2.1). Combining
the equations, it follows that:
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tobs = t20bs  T10bs = (1 Cos ) te (2-24)

Since the path r travelled by the shell in a time t in the observer's frame isr = ct ,
then:

C tobs 2
R=—""" 2%t 2.25
1 cos obs ( )
where | used the standard approximation . 1 and 1. It is worth noting that, since ¢
is nite, photons received by the observer at a particular time are not radiated simultaneously,

but come from a distorted ellipsoid which is determined by the integral

1
t= %dr = const (2.26)

The third reference frame is the comoving frame of the expanding shell. Times in this frame
can be derived from the reference frame of the central engine by simply introducing the Lorentz
transformation

t
0= = (2.27)
The last ingredient that must be considered is the redshift, which is needed to link the
central engine to the observer's frame. From the expansion of the Universe it is known that
to _ a(to)

1 a(ty)

where t are the time intervals as measured at a given cosmic tintea(t) is the scale factor,
to is the cosmological time when the photon is observed, i.e. in the observer's frame, and
the cosmological time when the photon is emitted, i.e. in the reference frame of the central
engine. By combining eq(2.28) with eq. (2.21) and (2.24), it is possible to derive the relation
between the observer and the central engine, with the caveat thatt. in eq.(2.21) is di erent
from t.in eq.(2.24), as they are measured in di erent cosmological times:

=1+ z (2.28)

tobs = (1 cos ) te(tO)

(2.29)
teng = (1 ) te(ty)
which leads to
1 cos
tobs = 1— (1+72) teng (2.30)
If 1then tops teng(1+ z), and therefore the central engine and the observer measure

the same quantities, except for a factofl + z).

2.4 Prompt emission

2.4.1 Dynamics

It is thought that the prompt emission hails from the dissipation of kinetic energy through
internal processes, such as the collision between two shells of ejected material. In the standard
prescription, a central engine, which can be a stellar-mass black hole or a highly magnetised
neutron star, launches multiple shells in two opposite directions. When a faster shell catches up
with a slower one, inner shocks arise. The electrons are accelerated at the shock front up to
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relativistic energies. The prompt emission observed in-rays is due to synchrotron emission of
these particles that are cooling down after being accelerated.

Nevertheless, for the sake of the explanation, | start with a single shell of material ejected
by the central engine. For the moment, | am not considering the redshift of the source, as this
has a small impact on the nal result. This means that the quantities as viewed by the observer
and the central engine are the same (Section 2.3). In the rst stage, the shell is accelerated by
radiation pressure. The acceleration ends when all the internal energy is converted into kinetic
energy. The expansion of the shell is considered adiabatic, as only a little portion of energy is
converted into electromagnetic radiation. If the expansion is adiabatic, two conservation laws
can be used. First, the total luminosityL = 4 R °F can be written as

L=4R?%n = 24RZ%T% g (2.31)

wheren is the number density of electrons, is the average internal energy per electrom,
is the temperature of the shell and g is the Stefan - Boltzmann constant. In e(2.31), | used
the factthat n=n° , = mc2 and ndImc2 = T for the Stefan - Boltzmann law.

Second, for an adiabatic expansion the following law holds:

TU% = const (2.32)
As V°/ R3 [144], the equation becomes

TR = const (2.33)
Combining eq. (2.31) with eq. (2.33) one gets
g 2 R 2 T 4 .
0o Re To
s T R . (2.34)
T T RS

where the subscript 0 is used to refer to values at the initial time. Note that, whatever the
factor required to convert the temperature from the comoving to the observer's frame is, the
same factor is cancelled out in the ratio. Therefore:
(
T= TO

Pl

Ro
R
] (2.35)
ORo
When all the internal energy is converted into kinetic energy, the acceleration stops. The
time at which this happens is usually referred to as the saturation point. At the saturation
point, the bulk Lorentz factor and the saturation radius are

8

< _E

T e (2.36)
"Rs=Rg s

whereE and M are the total energy and mass of the shell, respectively. After the saturation
point, the out ow is expanding at a constant speed, i.e. const, while its temperature is
decreasing ad / R 5 [144]. The latter phase of the evolution is called coasting phase. During
the coasting phase, the shell becomes transparent to electromagnetic radiation. The di erential
optical depth is a Lorentz invariant, hence | consider here the quantities in the comoving frame,
i.e.d = %s® where %and dsCare the absorption coe cient and the di erential length of the
path travelled by a photon. From eq(2.24) and eq.(2.27) one getsdR?, .= (1 cos )dRops.

obs
The absorption coe cient can be written as °= ng T, Where ng is the number density of
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protons in the shell. | am considering protons instead of electrons as the total mass (see below)
is dominated by protons, while the number of protons and electrons is considered to be the same
in this simpli ed picture. Therefore, the di erential optical depth in a relativistic expansion
takes the form:

d =ny (1 cos )dR (2.37)

Taking ' 0, the dierential optical depth becomesd ng 1dR/(2) . The radius Ry, at
which the shell becomes optically thin can be derived by integrating the latter equation and
imposing =1:

L ¢

Roh ' ———=
Phgm 3

7 10%Ls, (Scm (2.38)
from which it is clear that the point at which the electromagnetic radiation can escape is far
away from the central engine.

So far, | have considered a single, expanding shell. If a second shell of material is ejected after
a time t with velocity larger than that of the rst shell, i.e. ,> ;, they collide, producing
internal shocks that can dissipate the kinetic energy of the out ow. Let's consider two shells
with 1, , mg, my, 1, ,, where ,> :

Rl(t) = C qt

Ro(t) = c o(t t) (2.39)

If both ; and , are constant, the timet;s and the radiusR;s at which the shells collide are
given by:
)t

2 1

tis =

(2.40)

and

Ris = Ry(tis) = Z : 21 t (2.41)

After the collision, the two shells move as one. A simple, rough estimate Bfs can be
obtained in the case of , 1 1. With the latter approximation, ti 2 %t, henceRjs
takes the form

Ris' 2%t 6 10°t ; %, (2.42)

Lastly, the nal bulk Lorentz factor  of the merged shell can be derived from the conservation
of energy and momentum in a perfectly inelastic collision:

8
< 1m1C2+ 2m2C2 = mc2+
(2.43)
imc 1+ oMyC 2= mc + c

where is the internal energy converted in the collision. By solving eq. (2.43), can be found:

imi+ My
= p > > (2.44)
m{+ M5 +2mMimy (g

where (g 120 1 2).
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2.4.2 Spectrum

So far, | have presented the global dynamics of the GRB out ow. In order to derive the
expected spectrum, the microphysics of the blast wave must be taken into account. While the
solutions for a blast wave linking thermodynamics and microphysics of the shock were presented
in [148], here | start from a population of accelerated electrons, ignoring the details of the
acceleration processes. Therefore, the expected distribution of electrons will follow a power law,
as in eq(2.13). First, | assume that the prompt emission is produced in a fast cooling regime,
i.e. the electrons e ciently cool in a timescale much shorter than the remnant age [143]. This
translates into . < i, where . is the Lorentz factor above which electrons cool rapidly and
is the minimum Lorentz factor at which electrons are injected. This assumption is motivated by
observational evidence. The continuity equation of electrons in the energy space is:

@N @N )
+ —= = it 2.45
ot @ - (2.45)
whereN is the number of electrons, is the Lorentz factor of one electronQ is the source
function above ;. In a steady-state system approximation and in the fast cooling regime,
eq. (2.45) becomes:
N = const (2.46)
and therefore:
N/ Y2 (2.47)

where | used the fact that_/ 2, from eq.(2.1). However, the most energetic electrons will
cool rapidly, emitting energy at their characteristic synchrotron frequency, which is 2. For a
population N / P of electrons injected at > ;, each generation of electrons has a di erent
cooling frequency. The integrated distribution will be the superposition of these generation of
electrons. Therefore, the distribution of electrons is [143]:

(

2 (c<< i)

N PL (> )

(2.48)

where . is the Lorentz factor above which the oldest generation of electrons cools.

In order to get the spectrum, namely the ux density as a function of frequency, | consider
that dF / dN . Moreover, it is clear from eq(2.4) that i / 2. Thus, .and ; can be
related to some break frequencies and ;, respectively. By combining these ingredients with
eq.(2.48), it is possible to derive the spectrum of the prompt emission as a combination of
several power laws that join together at the break frequencieg and :

§_3 (<c)

F=F — (c< < 1) (2.49)

o
Nl

o
N[
Nl

- - (> )
| C

whereF _ is given by eq(2.19) for , = .. The slope of the power law for < . is given

by the emission from a single electron at low energies. In Figure 2.2 a representation of the
electron distribution (left panel) and the expected spectrum (right panel) is shown. Therefore,
the slope of the low energy tail in the photon spectrum, which is given by / , is predicted to

be ~= 3=2in the fast cooling regime. However, as mentioned in Section 1.2, GRBs exhibit a
low-energy slope~ 1 on average [31, 33]. More recently, a second break occurring at roughly
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Figure 2.2: Schematic representation of the distribution of electrons in the fast cooling regime (left
panel) and the ux density as a function of frequency expected from the same population (right panel).

3 - 20keV has been successfully incorporated into the tting model of many GRB SEDs [34 37].
The inclusion of a second break provides a solution that is consistent with the synchrotron
expectations.

2.5 Afterglow model

In the simpli ed model presented so far, two (or multiple) shells interacts to produce the
observed -ray prompt emission. After the interaction through internal shock, the two shells
merge and expand as one. The out ow sweeps up material from the low-density environment
surrounding the burst. As the ejecta are still ultra-relativistic, their interaction with the circum-
burst medium produces both a forward shock (FS), which propagates outwards throughout
the environment, and a reverse shock (RS), which propagates backwards and compresses the
ejecta. Electrons at each shock front are accelerated up to relativistic energies and produce
a broadband emission through synchrotron cooling. The superposition of the FS and the RS
emitting components gives birth to the afterglow phase of the GRB, which can be detected from
VHE down to optical, NIR and radio.

2.5.1 Dynamics of the forward shock

In order to derive a simpli ed version of the FS dynamics, many approximations are required.
In this section | follow the standard prescription from [142, 143]. First, | assume that the energy
carried out by the emitted photons is a negligible fraction of the total energy of the ejecta.
Therefore, the expansion can be considered adiabatic. The total energy of the out @&y which
encompasses the interndti; and the rest massEes; €nergies, can be written as

E = Eint + Erest = Eine + Mc? = Mc? (2.50)
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where is the bulk Lorentz factor, M is the total mass of the ejecta. The ratio between the
two energy components becomds; / E est = 1, if the internal energy is assumed to be
negligible compared with the rest mass energy. As the out ow expands, it sweeps up material
from the surrounding medium. From the conservation laws of energy and momentum

8
E _ Ediss
M o+ m(r)=(M + m(r)) +
3P —— P ¢ E diss (2.51)
. 2 M =" 2 1M+m(r)+CZ

wherem(r) is the swept mass as a function of the distanae ¢ is the initial bulk Lorentz
factor, is the Lorentz factor at the distancer, Egss is the energy dissipated in the process.
Eqg. (2.51) leads to [143] 3

<M o+mr)=M +  ?m(r)

: E giss (2.52)

=( 2 1m(r)

An extended formula for the swept-up material can be derived if one assumes that the
external medium particle density depends only on the radius:

- 2

dm(r) =4 r “n(r)mydr (2.53)
n(r) = Ar

where m, is the proton mass, which is the dominating contribution in the total mass of
surrounding medium,A is a constant,s is the coe cient of the density pro le, which is usually
taken to be eithers = 0 or s = 2 if the surrounding environment has a homogeneous or a
wind-like density pro le, respectively. Therefore, the swept-up mass at the radiustakes the
form [143]:

m(r) =

4 3
3 Smpn(r)r (2.54)

Starting from eq.(2.52) and eq.(2.54), the bulk Lorentz factor as a function ofr can be
derived [143]:

)

3 s 2 3 s 2 s 3
0

r—l 4 + ' +1 1 ' 2.55
(D=5 4 - - 0 - (2.55)

whererg is the deceleration radius, de ned as the distance at which the swept-up material
equalsM/ ¢ [143]:

1

3 s E 35

= 2.56
fo 4 Am,c? 3 (2.56)
The constantA in eq.(2.53) can be calculated in the homogeneous and in the wind-like external
density pro le [143]: (
3
A= 7oom (2.57)

3 10%®%A, cm?®

wheren, is the constant particle density in the homogeneous cask; is a scale factor computed
for the wind of a Wolf-Rayet star [143, 149]. Inserting e2.57) into eq.(2.56), the expression
for ro becomes [143] (

1 2 1
. 13 10YEg ,3n-°cm (s=0)

4 10%Es; ,2A.lcm  (s=2) (2.58)
53 0:2M\? -



32 CHAPTER 2. THE STANDARD MODEL FOR GRBS

where | used the fact thatL ' Mc3/ R. The relation between quantities, with a particular
emphasis on times, has been presented in Section 2.3. To derive the evolution of the spectrum of
the afterglow phase, the time dependence of the main physical quantities must be inferred. First,
from eq.(2.22) and eq.(2.55) one can obtain the expression for the earliest tim& a photon
emitted by the out ow at time t can reach the observer:

4 s

lo r
+3 s (2.59)

T=0—0 -
2(4 s)c 3 g

The latter expression, when combined with eq. (2.55) and eq. (2.58), leads to [143]
8 1 L1
3r1g(T)/ Edn 3T} cm
3
(=0) 4 (T) Ee niT, " (2.60)
“n(T)=n,cm 3
8 1 11
3r15(T)/ EZ2A>2T2 cm
1 1 1
(s=2) 5 (T EgA Ty * (2.61)
" n(T)/ EggA3T,*cm 3

where Ty is the time in the observer's frame expressed in units of days post-burst. Note that, as
seen in Section 2.3, | am not including the redshift. Even if the latter has a negligible e ect on
the nal result, a precise derivation of eq(2.60) and (2.61) should take into account the fact
that the central engine and the observer refer to di erent reference frames. Furthermore, it is
worth noticing that eq. (2.60) returns the well-known result that ( T) / T 3 for an external
medium with a homogeneous density pro le.

2.5.2 Break Frequencies

While for the prompt emission the time evolution of the break frequencies is much longer
than the emission itself, and therefore they can be considered as xed in time, the afterglow is
long lasting. This means that the afterglow phase of GRBs is one of the few physical phenomena
in which not only a full synchrotron spectrum can be observed over many orders of magnitudes
in frequency, but also that the spectrum in changing in time. Therefore, for the afterglow spectra
the time evolution of the main break frequencies must be derived. Following the same argument
exposed in Section 2.4, | assume that the distribution of injected electrons can be described by
a single power lawN / Pfor > ;, as observational evidence strongly supports the idea
that the afterglow emission is in a slow cooling regime. The minimum Lorentz factor of the
injected electron is:

i= —e( 1) (2.62)

where . is the energy retained by the electrons. The synchrotron emission from such a
distribution of electrons peaks at the observer frame frequency [142, 146]:

X, e ,
= - : BO 2.63
4 mec' (2.63)

wherex, is a factor calculated in [142] that corrects e@2.4). Once again, | am not including
the redshift, which would have a small e ect. The magnetic eld behind the shock front is [143]:

@®

B
8_:4 B Mpc?n(r) 1+ - (2.64)
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where g is the energy retained by the magnetic eld. From e(2.60), (2.61) and (2.62), it is
possible to rewrite eq. (2.63) as [143]:

2 E
13/ z L 1 (2.65)
e; 1 B; 2E53Td
Therefore, the maximum ux of the afterglow emission is usually found in the optical within
the rst few days after the initial GRB.
The relativistic electrons cool radiatively through synchrotron emission and inverse-Compton

scattering of the synchrotron photons on a timescale [143]:

0 6 me 1
T Y+1 1 B®

in the comoving frame, whereY is the Compton parameter and the Klein-Nishina e ect was
neglected. The age® of the out ow can be approximately calculated as [143]:

1Z fdr, 2 r (2.67)
c, 5 s '

By equating (2.66) and (2.67), the Lorentz factor of the electrons above which cooling is
important takes the form [143]:

(2.66)

o

_ 3 5 9 MeC?
T Y+l 1B
Using eq(2.63) and (2.68), the frequency . above which electrons cool e ciently can be derived
[143]:

(2.68)

(Y+1) 24 znolEss%Td  Hz (s=0)
(Y+1) 2 2A?2E5%3Td% Hz (s=2)
Therefore, . is usually found in the X-rays and optical. It is worth noticing that, while for

a homogeneous density pro le . is moving towards lower frequency in time, for a wind-like
density pro le the cooling frequency is increasing with time.

Lastly, for the afterglow phase another break frequency should be taken into account. In
fact, synchrotron emission is accompanied by absorption: photons at low energies interact
with the ultra-relativistic electrons that absorb them. In this process, known as sychrotron
self-absorption, the electrons gain energy at the expense of the photons. The frequengcy
below which the out ow is optically thick to this process is called synchrotron self-absorption
frequency. The expression for, can be derived from the optical depth. First, the optical depth
at a given frequency can be written as [143]:

4/ (2.69)

Niw” T Njw

5=3
()= 1 — (2.70)
|
where ; is the optical depth to synchrotron self-absorption at the injection break [143]:
_ S5 enr 2.71)
' 3 sBOS '
wheree is the electron charge. Imposing that,( ;) =1 in eq.(2.70), the time evolution of ,
can be derived [143]: (
1 1
/ Eds e'1 8, oNE Hz (s=0)
e JETE PN S S
Esa® o718, 2A3Ty " HZ (s5=2)
Thus, , is usually found in the radio. It is worth noticing that , decreases faster if the out ow
is interacting with a wind-like environment rather than a homogeneous external medium.

(2.72)
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2.5.3 Spectrum of the forward shock

Observational evidence suggests that the afterglow is in a slow cooling regime. Therefore,
the number of accelerated electrons in the afterglow phase can be described with two power
laws joined together:

(

P (i<< c)
P (> o)

Following the argument seen in Section 2.4, the ux density can be calculated frods / dN.
From eq.(2.73), one gets thatF / ® Y2 for ; < < .andF / P2for > .
However, the self-absorption frequency must be considered at low frequencies. While there
could be many combinations for the order of,, ; and ., GRB afterglows usually show two
possible combinations, i.e. ;< ;< .or ;< ,< .. Here | derive the spectrum for these
two scenarios only. A proper derivation, including many more possible scenarios, can be found

N / (2.73)

in [150].
Starting from the radiative transfer equation, in the optically thick regimeF / S, where
S =j = isthe source functionj and are the emission and the absorption coe cient,

respectively. Considering the scenario with; < , rst, the emission coe cient j can be
written as [146]

Z1 P3 3eBOsin (V2 21

3
i = PNd = — 3BO i _ C F (p 3):2d 2.74
] . rneCze sin Am ) (x)x X ( )

wherex and F (x) were de ned in eq(2.5) and C is a normalisation factor for eq(2.73). The
integral can be solved following [145]. Therefore, the emission coe cient depends on the
frequency ag / (P D=

The expression for the absorption coe cient was provided by [145]:

z P =2 Z
JCPr2TE N G G 8 apagy AMC LT e 22y

8 2 8 2 2mec? 3eB%sin 0
(2.75)

where | followed the derivation proposed by [146]. Thus, the absorption coe cient depends
on the frequency as /  (P**) =2 Combining eq.(2.74) and (2.75), it follows that F / 5%,
It is worth noticing that the proportionality index is not equal to the usual 2 obtained with
the Rayleigh-Jeans approximation, as this is not a thermal spectrum. In fact, | have implicitly
assumed that a particular frequency is preferentially absorbed by those electrons that can
emit it, since for each emission process there is a corresponding and related absorption process
[146, 147]. This means that the equivalent of a Maxwellian temperature can be associated to
each frequency, even if the electrons are not in thermal equilibrium. The nal spectrum is the
superposition of the contributions from electrons with di erent temperatures [147].

The latter argument does not hold in the other scenario | am considering, i.e, < ;. In
this case, it can be assumed that most of the photons are emitted and absorbed by electrons
with Lorentz factor ;. Thus, it is not possible to associate a di erent temperatures to di erent
frequencies. Since there is only one temperature, i.e. the one corresponding; tdhe expected
slope will follow the Rayleigh-Jeans approximation. In fact, while the emission coe cient is the
same as in eq. (2.74), the absorption coe cient becomes:

Z )
A(p+2) ~ 1 N j
=g P4/ (2.76)
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where | used the fact that can be considered as constant, hence it can be taken outside the
integral, which in turn takes the same form of eq2.74). Combining eq.(2.74) with (2.76), it is
found that F / 2, as expected from the Rayleigh-Jeans approximation.

The nal spectrum of the afterglow is the combination of the aforementioned power laws,
joined together at the break frequencies [150]:

5
3 2

Njo1

F=F._. % oo (2.77)
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for | < 4, whileinthe ,< ; scenario it can be described by the following equation:
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where the normalisation constants are given by e(®.19). A schematic representation of the

two scenarios considered is provided in Figure 2.3. The model provided here will be used in
Chapter 4 to explain the observed multi-wavelength afterglow emission of GRB 201015A. In
fact, tting the GRB spectrum at di erent epochs with the latter equations directly constrain

the microphysics of the blast wave, providing a direct insight into the physics of the ejecta.
Nevertheless, even this simple model encounters challenges due to degeneracies within the
multi-dimensional parameter space. Consequently, recent years have seen a concerted e ort to
seek complementary information. Possible solutions to partially mitigate this degeneracy have
emerged from polarisation measurements, GWs and VLBI studies.

2.5.4 Reverse shock

The FS model has been successful in reproducing almost all GRB afterglows, proving that
this phase hails from the interaction between the GRB ejecta and its surrounding environment.
However, deviations from a single emission component were observed in recent years [56, 58,
151 160]: another component at earlier times seems necessary to explain the emission in the
optical and in the radio. This emission component is thought to arise from the RS, i.e. a
shock that propagates back into the ejecta. In fact, both a FS and a RS are expected when a
relativistic out ow interacts with its ambient medium [161, 162].

Considering a shell that expands into the circum-burst environment, the system can be
divided into four regions during the RS crossing:

" the unshocked surrounding medium (region 1, hereafter);
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Figure 2.3: Expected spectra for the afterglow emission according to the order of the three break
frequencies. Figure inspired by [150].

" the surrounding medium shocked by the FS (region 2);
" the GRB ejecta shocked by the RS (region 3);
~ the unshocked GRB ejecta (region 4).

Synchrotron emission is expected from regions 2 and 3. Here | focus on region 3, which evolves
through two phases, i.e. before and after the RS crossing timEyqss. The overall dynamics can
be studied by introducing the s parameter, de ned as [163]:

| 1=2

AR (2.79)
where R is the width of the shell, 4 is the initial bulk Lorentz factor, s is de ned in eq.(2.53)
and
(3 S)E 1=3 s)
4 Am ,c?
is the Sedov length, namely the distance at which the rest mass energy of the circum-burst
swept-up material equals the initial energye of the shell. The coe cient A was de ned in
eq.(2.53). If s 1, or, equivalently, if the density of the shell is low, the RS is ultra-relativistic
and it considerably decelerates the shell. The latter is called thick shell regime. Conversely, if
the shell is dense enough, i.e,s 1, the RS is Newtonian and it is too weak to slow down the
shell [164]. The latter case is called thin shell regime. Between these two limits, jf ' 1, the
RS can be considered semi-relativistic [163].
Combining the density pro le of the surrounding medium with the density of the shell (thin
or thick), it is possible to derive the dynamics of the latter for di erent regimes and hence
the light curves. First, the electrons in the shell are accelerated at the shock front. Therefore,
ed.(2.73) can be used for the number distribution, as the emission is expected to be in a slow
cooling regime. Similarly to what | showed before for the prompt and the FS emission, the light

(2.80)
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curves and the spectra can be derived once the evolution of the break frequency is determined.
In the following derivation | do not include the self-absorption frequency. Therefore, | consider
only the minimum injection frequency ; and the cooling frequency ., with ; < .. Moreover, |
focus the discussion in the case of a homogeneous surrounding mediumgsi20. The following
expressions hold for the thick shell regime [164]:

i/t

/t 1 (t < T cross) (2.81)
C
|t 7348

| 1716 (t> T cross) (2.82)
C

and hence the ux density dependence on time takes the form:

1=2
F (t<T cross) / :0 Ei: ; ) (2.83)
8
2t (<)
F (t > T CI‘OSS) / > t (73p+21) =96 ( i < < CUt) (284)
"0 (> cu)

where . is proportional to . and refers to the frequency above which no further electron is
accelerated and therefore no further emission is expected [164].
Conversely, for the thin shell regime [164]:

(
i/ t8
|2 (t < T cross) (2.85)
C
( i/ t 54=35
/ t4=35 (t > T CI’OSS) (2.86)
C

and the ux density follows the subsequent time evolution, approximately:

F<Taw)/ o (<0 (2.87)
wws) | o2 (5 .
2t (<)
F (t>T cross) / t @1 =8 (i< < ) (2.88)
"0 (> cu)

A detailed derivation is beyond the scope of this Thesis. For a complete analysis of the RS
emission, interested readers are referred to, e.g., [161 164] and reference therein. Additionally,
the scenario involving a wind-like density pro le in the circum-burst environment was extensively
addressed by [165]. It is worth mentioning that, regardless of the density pro le of the surrounding
medium, a key observational feature emerges: the RS is expected to dominate at early times
( 1lday) in the optical and in the radio, producing an initial peak observed in the light curves
at these wavelengths. When optical and radio observations are available at both early and late
times, it is possible to model the afterglow light curves as a composite of RS emission, which
dominates at. l1lday, and FS emission, which dominates after 1day post-burst. While FS
emission o ers valuable insights into the microphysics of the shocked material surrounding the
burst (region 2), the RS provides a direct window into the physical conditions within the GRB
ejecta (region 3). Therefore, the two components are complementary to fully probe the GRB
dynamics.
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Figure 2.4. Schematic representation of the jet break. From left to right: rst, gps=1/ j; asthe
bulk Lorentz factor decreases, the observable portion of the congys increases, until ops j and the
observer can see the whole jet; lastly, when the GRB ejecta have decelerated enougfys=1/ > ;.
Figure inspired by G. Ghirlanda.

2.6 Non-spherical ejecta

Hitherto, | have implicitly assumed that the emitting region is spherically symmetric. Even

if this assumption is useful as a rst order approximation, observational evidence suggests that
GRBs are highly collimated. In fact, as explained in Section 1.3, for some bursts a steepening
in the light curve is observed from the X-rays down to the radio. The latter can be naturally
explained by assuming a jetted emission. Figure 2.4 shows the geometrical con guration that
leads to a jet break. Considering the case in which the GRB is a top-hat jet, i.e. a cone
with sharp edges, pointing directly towards the observer, the latter can only see a fraction
obs =1/ <  of the out ow due to the relativistic beaming (blue region on the left in Figure
2.4), with ; being half the GRB jet opening angle. As the ejected matter expands, its bulk
Lorentz factor decreases, reducing the relativistic e ects and increasing the observable portion
of the out ow. The decrease in ux is partially compensated with the increase ofy,s: although

the observer records less ux per unit angle, the overall angle accessible to them increases.
When =1/ ; is reached, the observer sees the entire base of the GRB cone. Fer 1/ j, the
observer sees not only the entire out ow but also a portion of the sky which is not contributing
to the total ux (area encompassed by the dashed line in Figure 2.4), i.e. they lose ux with
respect to the isotropic case. This manifests itself as an achromatic, steeper decay in the light
curve. If the material is ejected within a uniform cone with opening anglg, the total energy

of the GRB becomes= = (1 cos )Eis [23], leading to less extreme values.

Nevertheless, even top-hat jet models present some drawbacks. First, a perfect cone structure
seems unrealistic, given that the out ow interacts with the dense medium that surrounds the
central engine (pre-merger ejecta for a short GRB; stellar envelope for long GRBs) and with the
external low-density environment afterwards, producing di erent shocks that change the radial
and lateral structure of the out ow [166]. Second, a top-hat jet does not predict the observed
clustering ofE ' 2Ei, at around 1G'erg [167 169]. It was this latter feature in GRBs that
led the community to search for a unifying scenario where all jets share a universal structure.
Two analytical functions were proposed for the jet structure: a power law witdE/d / 2
and a Gaussian withdE/d / exp(-( / .)?/2), where . is half the core opening angle of
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the jet [166]. The need for structures more sophisticated than a simple cone with sharp edges
became clear with GW 170817 / GRB 170817A: a structured jet was the only feasible scenario
to explain the shallow evolution of the afterglow light curve at di erent wavelengths (see, e.g.,
[96]), the proper motion [101] and the size probed by VLBI images [100]. Even if it is generally
very hard to pinpoint signatures of a jet structure in standard GRB observations, this new,
exciting eld in GRB science can provide unique information about the jet-launching mechanism
and the interaction between the jet and the surrounding environment that could not be probed
otherwise. For the nearest events, VLBI plays a fundamental role to constrain the jet structure
[100, 137].
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Chapter 3

Radio Interferometry

3.1 Basic Principles

In contrast to other wavelengths, the energy carried by radio photons is insu cient to
induce a photoelectric e ect. Consequently, conventional detectors relying on this interaction,
such as the Charge Coupled Device (CCD), cannot be used. For this reason, radio astronomy
employs antennas to catch the wave nature of light: an antenna is a passive device that converts
electromagnetic radiation into electrical currents in conductors. The two main types of antennas
are single dishes, typically used for & a few hundreds MHz and dipole antennas, generally
employed for . a few hundreds MHz Both categories share a common basic functioning
principle, which is Fraunhofer's diraction. In fact, taking a single dish as an example, its
surface acts as a narrow circular slit in a di raction experiment [170].

First, the reciprocity theorem states that an antenna can be treated equivalently either as a
receiving device or as a transmitting system [170]. Consequently, the response of a receiving
antenna is equal to the emission of a transmitting antenna and the surface of a dish can be
considered as narrow slit with apertureD that produces the light and illuminates an observer
at a distant point A. For Huygens Fresnel's principle, every point on a wavefront is itself a
source of spherical waves, and the secondary waves emanating from di erent points interfere.
Therefore, each point @ of the surface of the antenna acts like an antenna. Figure 3.1 shows
a schematic representation of the one-dimensional con guration considered here. The electric
eld generated by the aperture element fronx to x+ dx can be written asg(x) = A(x)e 'C 't),
whereA(x) is the amplitude of the wave, is the phase and = =2 = c= is the frequency.
From the equations of Fraunhofer's di raction, the electric eld at the observer point A is [170]

df = g(x)e " dx = g(x)e 2" )= dx (3.1)

wherer (x) is the distance between the aperture element at the positionand the observer in
A. In order to derive the transmitting (and, therefore, the response) pattern of the antenna, |
assume that [170]:

" light rays are parallel, because we are in the far- eld approximation. An aperture element
in X emits a radiation that travels a distancer = R + x sin to reach the observer in A
(see Figure 3.1);

" the angle is small, i.e. 1, and thereforel sin ' andr' R+ xl

When 6 0, the phasexl= varies linearly across the aperture and di erent parts of the
aperture add constructively or destructively to the total electric eldf (I). De ning u = x=
and integrating eq.(3.1) over the whole aperture, the total electric eldf (1) takes the form

41
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Figure 3.1: Schematic representation of a one-dimensional antenna with lengi that is illuminating a
distant observer.

[170]: ~
+D=2 : D sin(>) D . ID
f(l)= g(ue ?Mdu= — —(p—~-= —sinc — (3.2)
D=2 -
Consequently, in the far eld approximation the electric eld pattern f (I) of an antenna with
a diameter D is the Fourier transform of the electric eld distribution g(u) generated by the
aperture. From the reciprocity theorem, eq(3.2) gives the response of an antenna illuminated
by a point source located at a position A far from the dish. Lastly, according to the Poynting
ux theorem, the power pattern of a transmitting antenna isP(l) / f2(l), hence [170]

2
P() o siné d (3.3)

Eg. (3.2) and (3.3) can be generalised to two dimensions. It can be demonstrated that
Z +DyZZZ +Dy=2 _
f(l:m)/ g(u; v)e 2 (WM gudy (3.4)

Dy=2  Dx=2

wherev  y=, x and y are the two dimensions of the aperture. The power pattern of a
rectangular aperture with dimensionD, and Dy is [170]:

yDy

P(l:m) L;Dysinc2 D« sinc (3.5)
For a circular aperture, the power pattern is the conventional Airy's disc.

The analogue of the power pattern for a receiving antenna is called the point source response,
or beam. The beam is characterised by a main lobe (or primary beam) and some minor lobes.
Figure 3.2 shows an example of the beam. The response of the antenna, i.e. the sensitivity, is
maximum at the centre of the main lobe, known as phase centre, it goes to zero when the beam
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Figure 3.2: Power response of a single dish antenna illuminated by a point-like source, known as primary
beam. Credits: D. Darling.

pattern is zero and progressively decreases along the minor lobes. The beam width is generally
taken as the full width at half maximum of eq. (3.3) and it can be demonstrated that [170]

beam 5 (3.6)

The beam width of an antenna represents its angular resolution, which is limited by di raction.

It is clear from eq.(3.6) that larger telescopes have a smalleke,,, and therefore higher resolving
power. Nevertheless, since single dishes cannot be arbitrarily large because of engineering
and economic reasons, astronomers use more antennas to simulate a larger aperture than that
provided by a single dish. The latter technique is called radio interferometry.

The simplest radio interferometer is a pair of radio telescopes whose voltage outputs are
correlated, i.e. multiplied and averaged in time. Let's consider two identical dishes separated by
the baseline vecto of length b that points from antenna 1 to antenna 2, as shown in Figure
3.3. Both dishes point towards the same direction, speci ed by the unit vectes. The angle
betweenb and s is indicated with . Within this geometrical con guration, the wavefront of
the radiation coming from a distant source reaches antenna 2 rst. After a timg,, the same
wavefront reaches antenna 1. The time intervaly is known as geometric delay [170]:

_ bcos
c

9 (3.7)

In order to derive the correlated response, | assume that the band of the receiver is quasi-
monochromatic, namely 2= g4 centred at a frequency = !=2 . The output voltages of
antenna 1 and 2 at the timet are [170]:

Vi=Vcosf (t )]

V, = V cos(t ) (38)
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Figure 3.3: Schematic representation of the geometric delay for an interferometer with two identical
dishes. The incoming light from a distant source is shown in bold dashed lines.

whereV is the amplitude of the voltage. The correlator multipliesv; and V, to get [170]

ViV, = V2cos]| (t gplcos(t) = V72[cos(2t I g)+cos(! )] (3.9)

where | used Werner's trigonometric formulas, and it takes the time average over a time interval
t long enough to remove the high frequency termoq2!t ! 4),ie. t (2!) % The nal
output of the correlator is, therefore, [170]

2
R <V,V,>= V?cosc ) (3.10)

The output voltage varies sinusoidally with time as the antennas track the source on the sky.
In fact, 4 is not constant due to the rotation of Earth. This sinusoids are called fringes. The
phase of the fringes =2 cosb= varies with

In order to derive the total power, let's consider the Fourier space. The response of an
interferometer is the Fourier transform (FT, hereafter) of the double pulse, i.e. the radiation
detected by each antenna, multiplied by the FT of the rectangle function, which represents the
response of each antenna as found in €8.2). Figure 3.4 shows the di erent contributions in
the nal response of an interferometer, both in space/time domain and in the Fourier space.
First, the signal detected by each antenna is a function. The FT of a double function is
a cosine. However, since the surface of the antennas is not in nitely large, from €42) the
response of each antenna is a sinc function. Consequently, the nal response in the Fourier
space is a cosine modulated by a sinc function (see Figure 3.4). The total power is [170]:

D b
P()/ sind —cos cog 2 —cos (3.11)

From Figure 3.4 and eq(3.11) it can be noticed that the baselineb determines the cosine, so
that the resolution of the interferometer, while the diameteD of the single antenna determines
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the primary beam of the interferometer, known as eld of view (FOV). The FOV is the angular
size from the phase centre to the rst zeroes of the response of a single anténna

Figure 3.4 shows the nal response of an interferometer made of two identical dishes. The
rst peak, given by the peak of the cosine function modulated by the sinc function, is called
synthesised beam, or dirty beam, and it provides the angular resolution of the interferometer.
However, the other side lobes in the modulated cosine function are still signi cant. If the
interferometer observes a point source at the phase centre (i.e. the source position is coincident
with the maximum response of each antenna), the nal image will consist of a point-like source
at the phase centre, surrounded by many other sources which correspond to the response of the
side lobes in the modulated cosine function. Figure 3.5 shows the dirty image of a point-like
source or, equivalently, the dirty beam of an interferometer witiN antennas. Each panel is
composed of two gures: on the left thgu; v) plane is shown (see below for the explanation),
while on the right the resulting dirty beam is presented. In order to reduce the impact of the
side peaks and, therefore, get a single point-like source in the image, multiple antennas and
a longer exposure time are needed. In fact, a multi-element interferometer with antennas
producesN (N  1)=2 unique responses. Each interferometer pair presents its own sinusoid at
a frequency proportional to the fringe angular spacing, which is di erent for each pair. The
instantaneous synthesised beam projected on the sky is the arithmetic mean of the individual
responses of the two-element interferometers that compose the whilleelement interferometer.

As N increases, the synthesised beam rapidly approaches a Gaussian and the secondary peaks
are less and less signi cant. Figure 3.5 shows the e ects of increasiNg while Figure 3.6 shows
the e ects of a longer time exposure for an array with 8 antennas.

It is worth noticing that each baseline is sensitive to emission from objects with angular
sizes comparable to the fringe spacing =(bsin ). Consequently, longer baselines are
sensitive to compact emission, such as point-like sources, and insensitive to extended emission,
such as clusters of galaxies, extended jets, etc. Emission from sky regions larger tharare
not detected by the longer baselines. Conversely, shorter baselines are primarily sensitive to
extended objects. Therefore, a perfect interferometer should ideally have a large numbeof
rather small (smallerD means larger FOV), well spaced (di erent baselinelg) antennas. The
latter is the driving idea behind the SKA and the ngVLA projects.

If a source is extended and it has a sky brightness distributioh () at the frequency

= 1=2 , the responseR. = (V?=2)coq! ,) is computed by treating the extended source as
the collection of independent point sources [170]:

z
Rc= | (9cos

d (3.12)

where d is the solid angle covered by the source. E.12) gives the cosine correlator output,
namely the symmetric part of the source brightness distribution, which can be written as the

sum of even (symmetric) and odd (antisymmetric) partsl = Ig + |Io. The sine correlator
output is given by the following expression [170]:
Z
_ 5
Rs= | (9sin d (3.13)

The combination of eq. (3.12) and (3.13) gives the complex visibility [170]:
Z
V=R, iRs=Ae' = | (9e

i2 b=

d (3.14)

1Therefore, for a single antenna the FOV and the angular resolution coincide.
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Figure 3.4: Upper panel: power pattern (in arbitrary units) of an array of two in nitely large dishes or,
vice versa, the power recorded by two in nitely large dishes illuminated by a point source. The cosine
function is the FT of two Dirac  functions. Middle panel: response of each individual antenna with a
diameter D. Lower panel: nal power pattern of the interferometer. The response of the two-element
array is modulated by the response of each antenna, given the fact that the two dishes have a limited
size. The nal resolution, given by the baseline, and eld of view, determined by the single antenna

response, are indicated.
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