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Abstract
γ-ray bursts (GRBs) are among the most enigmatic and energetic phenom-
ena of the Universe. After decades of theoretical studies and observa-
tional results, they still puzzle the astronomical community. Powered by
a compact central engine, either a black hole or a neutron star, these ob-
jects are able to launch ultra-relativistic jets whose interaction with the sur-
rounding medium leads to an electromagnetic emission visible from radio
wavelengths up to very high-energy gamma rays. Besides being unique
tools to probe relativistic astrophysics through multi-band observations,
the detection of a γ-ray flash in coincidence with the binary neutron star
merger GW170817 showed the groundbreaking potential of GRBs as multi-
messenger sources, which are able to unveil properties of relativistic jets,
nucleosynthesis of heavy elements, to evaluate the expansion rate of the
Universe and set constraints on fundamental physics. However, despite
the remarkable advances achieved in the last years, many open questions
remain to be addressed, such as the origin of prompt emission, the compo-
sition and geometrical structure of relativistic jets, the nature of the emit-
ting particles, the connection between the central engine and the afterglow
physics, the acceleration mechanisms or the jet launching process.

This thesis is devoted to understand the physics governing GRBs us-
ing γ/X-ray observations and to evaluate the perspectives opened by
gravitational-wave observations. Exploiting the wealth of data provided
in almost twenty years of activity of the Neil Gehrels Swift Telescope, I in-
vestigated the spectral and temporal properties of GRB X-ray light curves.
In particular, I analysed the transition phase between the prompt and the
afterglow emission, which typically shows a steep flux decay phase, and I
discovered a new relation between X-ray flux and spectral index. This re-
lation challenges the common interpretation of the steep decay phase and
requires the presence of specific radiative and cooling processes of the emit-
ting particles. This study enabled a refined understanding of the prompt
emission physics probing the jet nature, dynamics, structure and composi-
tion after the bulk of γ-ray radiation is released.

In order to investigate the late time activity of the central engine, I also
focused my analysis on the plateau phase of GRBs, whose origin is a long-
standing open issue. After having defined a complete sample of GRBs with
an X-ray plateau, a combined optical/X-ray time resolved spectral analysis
of the plateau sample has been performed to probe the emission mecha-
nism and discuss the main consequences for the currently available physi-
cal scenarios, which interpret the plateau as due to the presence of a central
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magnetar activity or the high latitude emission from a structured jet.
The modelling developed to describe the GRB high-energy emission has

then been used to evaluate the perspectives of multi-messenger astronomy
with the next generation of gravitational-wave detectors, such as Einstein
Telescope (ET) and γ/X-ray mission concepts, such as THESEUS. My thesis
work provides a theoretical setup able to robustly simulate the statistical
and observational properties of a population of short GRBs in the gravi-
tational and electromagnetic domain. The versatility of our approach al-
lowed us to apply this method for diverse purposes, such as evaluate the
number of binary neutron star merger observed with an associated GRB
for different ET configurations or the number of GRBs detectable by future
high-energy mission concepts assuming different observational strategies.
Synergies between the next GW detectors and high-energy satellites are a
unique opportunity to detect, localise and characterise the electromagnetic
counterpart of binary neutron star merger up to cosmological distances and
shed light on GRB physics.
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Chapter 1

Introduction

γ-ray bursts are explosive transient events, associated with either the col-
lapse of a massive star, or the merger of two compact objects. The initial er-
ratic gamma-ray emission, known as prompt phase, is followed by a multi-
wavelength emission, the afterglow, which can last up to several days. The
origin of these two emission phases is related to the radiation released by
an ultra-relativistic collimated outflow launched by a central engine, which
can be either a black hole or a neutron star. The use of a network of as-
tronomical observatories which operate in different bands of the electro-
magnetic (EM) spectrum is essential to fully characterise the panchromatic
emission of GRBs. The field of GRBs rapidly evolved in the last years, with
a major revolution given by the advent of the Neil Gehrels Swift Telescope
(Gehrels, 2004). In the next chapter we will go through the main discover-
ies achieved thanks to the unique operational strategy of Swift, which gave
relevant insights about the properties of the afterglow emission, the physics
of relativistic jets and the nature of the GRB engine.
As it will be shown in chapter 3, the X-ray light curve of the GRB afterglow
contains a wealth of information regarding the jet physics, its dynamical
evolution during the interaction with the interstellar medium, its angular
structure, as well as the dominating radiative processes. Swift showed that
the X-ray light curves are characterised by the presence of multiple fea-
tures. They show an initial rapid steep decline followed by a shallower
phase. The former is known as steep decay (Tagliaferri, 2005; Nousek, 2006;
O’Brien, 2006) and it is connected with the final stages of prompt emission,
the latter is associated with the decelerating phase of the jet. A consider-
able fraction of GRBs shows a flat emission phase of the X-ray light curve,
known as plateau (Zhang, 2006).
The geometrical structure of the relativistic jet is a crucial ingredient to
understand and interpret the multi-band emission of GRBs. As it will be
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extensively discussed in section 3.3, theoretical arguments and observa-
tional evidences point toward a jet structure which deviate from the simple
uniform top-hat structure (see Salafia and Ghirlanda, 2022 and references
therein). We will show how this impacts the appearance of the X-ray light
curve, especially regarding the transition between the steep decay and the
plateau phase. In the specific, the temporal and spectral analysis of these
phases are particularly interesting to understand if there exist a universal
jet structure and how it is related to the nature of the central engine and
to the observational properties of the GRB. A deep investigation of the jet
structure has a key role for GRB population studies and for the estimation
of the detectability of these events as a function of the viewing angle.
The first part of my thesis is dedicated to the analysis of the steep decay
phase, the investigation of its origin and the connection with prompt and
afterglow physics. The standard and most accepted interpretation of the
steep decay is related to the emission at large angles of the jet. This effect
is known as High Latitude Emission (HLE) (Fenimore et al., 1996; Kumar
and Panaitescu, 2000; Liang, 2006) and successfully explains the temporal
decline of steep decay, though a detailed study of the spectral evolution
expected in this scenario and a direct comparison with data have not been
performed so far. In addition to HLE, other physical effects can shape the
temporal and spectral evolution of the steep decay (Zhang et al., 2007), in-
cluding the cooling and radiative efficiency of particles. Within this context,
my work aims at studying the X-ray steep decay through a systematic time-
resolved spectral analysis of Swift data, which reveals a common relation
between X-ray flux and spectral index. The origin of this relation will be
deeply studied, in order to infer physical information about the emission at
large angles from the jet surface, the final phases of the prompt emission,
the radiative evolution and the nature of the emitting particles, as well as
possible effects induced by the jet structure. The work on the steep decay
will be presented in chapter 4.
A similar approach is adopted to investigate the origin of the X-ray plateau,
based on a time resolved X-ray spectral analysis, with the advantage of
adding also the information coming from the inclusion of optical data. The
interpretation of the X-ray plateau requires a modification of the standard
scenario where an ultra-relativistic jet gradually decelerates in the interstel-
lar medium. One possible scenario, among the most accepted, involves the
presence of a long-lasting activity of the central engine, in the form of late
time accretion on a black hole or the spin down energy from a rapidly ro-
tating magnetised neutron star (Dai and Lu, 1998b; Zhang and Mészáros,
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2001a; Troja et al., 2007; Rowlinson et al., 2010; Rowlinson et al., 2013; Met-
zger et al., 2011; Bucciantini et al., 2012). The energy released by the central
engine can either refresh the shock or produce itself a wind of particles, in-
ducing a flattening of the X-ray light curve. Alternatively, the jet structure
can produce a plateau in the X-ray light curve (Oganesyan, 2020; Ascenzi
et al., 2020a; Beniamini et al., 2020a; Beniamini et al., 2020c; Beniamini et
al., 2022). Therefore, in order to discern which is the most favoured sce-
nario, my work exploits a multi-band analysis of the temporal and spectral
properties of the plateau. In particular, we investigate whether a single
emission site is compatible with the broad band emission during and after
the plateau, in the assumption that synchrotron radiation is the dominant
radiative process. The analysis and results of this work will be presented in
chapter 5.
The steep decay and plateau phases enclose important information about
the X-ray emission during the afterglow of GRBs, also in connection with
the prompt emission properties, the nature of the central engine and the
jet structure and dynamics. A complete and exhaustive view of the X-ray
afterglow phenomenology is essential to probe the physics acting in GRBs
and also to evaluate the detectability perspectives by future instruments
and thus to identify the best instrumental requirements to maximise the
scientific return of each GRB observation.

The first detection of gravitational waves (GWs) in coincidence with a
GRB represented another outstanding turning point for this field (Abbott
et al., 2017c; Abbott et al., 2017d; Abbott et al., 2017b; Goldstein et al.,
2017a; Savchenko et al., 2017). With GW170817 a new astronomical era
started, opening remarkable possibilities to study more in detail the con-
nection between compact binary mergers (CMBs) and short GRBs (Met-
zger, 2019; Branchesi et al., 2020; Nakar, 2020; Burns, 2020). In chapter 2,
after an historical background on GRB observations, we will retrace all the
observational campaign that followed the detection of GW170817 and the
groundbreaking influence it had for the field of GRBs, demonstrating the
relevance of multi-messenger astrophysics. The observation of the kilo-
nova IR/optical/UV emission associated with GW170817 demonstrated
that CBMs are ideal sites for the nucleosynthesis of heavy elements (Pian
et al., 2017a; Smartt et al., 2017; Watson et al., 2019; Perego et al., 2022).
Recent detections with both space-based telescopes and Cherenkov tele-
scopes showed that GRBs are also strong GeV and TeV emitters (see Miceli
and Nava 2022 for a review), thus potential sources of ultra-high energy
cosmic rays and neutrinos. The observational results of the last decades
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FIGURE 1.1: Artistic representation of a γ-ray burst originated by the merger of
two neutron stars. The relativistic jet is illustrated in purple, while the blue and
red clouds are the merger ejecta which give rise to the kilonova emission.

demonstrated that GRBs are ideal multi-messenger factories and astrophys-
ical laboratories for performing studies in the fields of general relativity,
stellar evolution, relativistic astrophysics, plasma physics, nuclear physics
and cosmology.
This thesis aims at evaluating the prospects to investigate the GRB physics
through multi-messenger observations by future detectors. In particular,
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my thesis is dedicated to develop the multi-messenger science case of the
Einstein Telescope (ET) (Punturo et al., 2010), an ambitious project of third
generation gravitational-wave detector, planned to be operative from the
second half of 2030s. ET is designed to be a detector with a triangular shape,
built underground to minimise the impact of seismic noise and optimised
to work both at low and high frequencies. Its unprecedented sensitivity
(around one order of magnitude of improvement with respect to current
GW detectors) will allows us to detect ∼ 105 CMBs per year (Maggiore et
al., 2020), accessing regions of the Universe not explored yet. Chapter 6
will describe the synergy between ET and high energy (X-ray and gamma)
satellites. We will present a theoretical machinery for the prediction of both
the EM and GW signals, able to estimate the detection efficiency of several
combination of instruments and to predict rates of joint GW/GRB detec-
tions in the ET era.
Several types of high-energy EM signals from CBMs will be taken into ac-
count, including standard prompt and afterglow emission, effects related
the jet structure and the viewing angle, as well as to shock breakout emis-
sion. We will test the potentiality of future mission concepts, identify the
best combination of instruments and respective characteristics, in order to
maximise their efficiency in the multi-messenger context. Among all the
missions taken into account, we will investigate wide field γ-ray and X-ray
instruments, such as those onboard of the THESEUS mission. In partic-
ular we will test its performances for the study of the X-ray steep decay
and plateau and respective spectral evolution, investigation of the effects
induced by the jet structure, as well as the crucial part that will be played
in the multi-messenger field.
We will conclude discussing how different design configurations of the Ein-
stein Telescope will perform in terms of joint GW/GRB detection, with par-
ticular emphasis to multi-messenger aspects and cosmological studies.
A summary of the thesis work will be provided in chapter 7.
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Chapter 2

Multi-messenger observations of
GRBs

In this chapter we present the main observational studies that brought to our cur-
rent knowledge of GRBs, from their discovery, passing through the confirmation of
their extragalactic origin, the new insights by the Swift mission and the revolution
represented by the multi-messenger detection of GW170817. We review the major
advances achieved in this field, highlighting which questions are still unresolved.

2.1 Pre-Swift era

GRBs were serendipitously discovered in the late ’60s by satellites dedi-
cated to the search of γ-ray radiation emitted in nuclear explosions. Since
the localisation capability of the first γ-ray instruments was limited, it was
impossible to associate the GRB with other known sources and, more im-
portant, no distance estimation was available. Therefore two schools of
thinking competed for years, one supporting the cosmological origin of
GRBs, the other claiming a Galactic origin. With the advent of the BATSE in-
strument (Meegan et al., 1992; Band et al., 1993) we had the first systematic
census of the GRB population and the evidence that these sources are ho-
mogeneously distributed in the sky, indicating no preference in the arrival
direction. Moreover, a bimodal distribution of the duration of the burst
started to appear, indicating the possible existence of two distinct classes
(Kouveliotou et al., 1993). A first class, called short-GRBs, with a duration
less than 2 seconds and with a harder spectrum and a second class, called
long-GRBs, with a duration larger than two seconds and softer spectrum.
In the hypothesis of a Galactic origin, GRBs could be associated to high-
energy emission from galactic compact objects, such as magnetar outbursts
or sporadic accretion episodes on stellar mass black holes. Hence, GRBs
should be clustered across the Galactic plane. Even if the evidence of
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isotropy was going in favour of the cosmological origin, there were sce-
narios claiming that GRBs are located in the immediate neighbourhood of
the Solar System and therefore still compatible with an isotropic distribu-
tion (e.g., Belli 1997).
In order to solve this controversy, a direct measurement of the source dis-
tance was necessary. The turning point was represented by the advent of
Beppo-SAX (Boella et al., 1997), a mission equipped with a wide field X-ray
camera able to pinpoint the GRB with arcmin precision and to follow-up
with a second small field of view (FOV) X-ray telescope. With the discov-
ery of GRB 970228 (Costa et al., 1997), Beppo-SAX provided the sky po-
sition with a precision sufficient to point ground-based telescopes which
were able to detect the first optical counterpart of a GRB (van Paradijs et
al., 1997; Bloom et al., 2001). Subsequently, with GRB 970508 (Bloom et
al., 1998; Galama et al., 1998), the first radio counterpart was discovered
and, more important, the analysis of the optical spectrum revealed the pres-
ence of an absorption line pointing to a redshift z=0.835. With this discov-
ery, the extra-galactic origin of GRBs was definitively accepted (Paczynski,
1986). Moreover, these observations demonstrated that GRBs are able to
produce after the initial γ-ray flash (known as prompt emission) a broad
multi-band emission called afterglow phase, marking the beginning of the
multi-wavelength era of GRBs.

Association of long GRBs with Supernova explosions

One of the most plausible scenarios initially proposed for the origin of
GRBs was based on the idea that these cosmic events are connected with
the final stages of the collapse of massive stars (Woosley, 1993). The first
tentative association between a long GRB and a supernova came with GRB
980425 (Kulkarni et al., 1998), where the sky region of the GRB overlapped
with the position of SN1998bw. The supernova contribution appears as a
bump superimposed to the declining trend of the GRB optical afterglow.
An even more robust evidence of GRB/supernova association arrived with
GRB 030329 and SN 2003dh, located at z=0.167 (Hjorth et al., 2003; Stanek
et al., 2003).
With accumulating evidences of association between GRBs and SNae, it be-
came clear that typically long GRBs are connected with Type Ic SNae, a spe-
cific class characterised by the lack of silicon, helium and hydrogen lines.
The absence of hydrogen suggests the presence of strong stellar winds able
to sweep away the outer layers of the stellar envelopes. Strong winds are
usually due to high metallicity of the stellar material and this feature is
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typical of Wolf-Rayet (WR) stars. Though, only a limited fraction of Type Ic
SNae have an associated long GRB, indicating that only under special con-
ditions a GRB occurs and/or that GRB emission is highly collimated and
hence detectable only if the collimation axis is close to the line of sight.
After the first years of observations of GRB afterglows and associated host
galaxies, it appeared evident that these events are preferably located in low-
luminosity star forming galaxies (Fruchter et al., 2006). This points toward
an evolution of GRBs connected to the star formation history, compatible
with the collapsar origin. Alternatively, a young and star-forming host
galaxy is compatible as well with a scenario interpreting the GRBs as flares
from newly-born highly magnetised neutron stars.
Nowadays two methods are used to confirm the association between GRBs
and SNae, one photometric and the other spectroscopic. The photometric
method consists in the identification of a bump in the optical light curve
of the GRB, occurring few days/weeks after the burst, characterised by a
thermal spectral shape instead of the typical non-thermal nature of the GRB
afterglow. More robust is the spectroscopic identification, which directly re-
lies on the detection of typical spectral features of SNae.

2.2 The Swift Era

At the end of the ’90s, hundreds of GRBs had been discovered and lo-
calised. Though, the process of detection of the multi-wavelength afterglow
and consequent redshift determination needed hours from the GRB trigger.
Therefore there was an intermediate temporal window (from the burst to
the first few hours) where the GRB emission was unknown and the scien-
tific community deemed necessary a new mission concept able to detect,
precisely localise and follow-up the GRB emission within a short amount
of time. Hence the idea to launch the Neil Gehrels Swift Telescope (Swift) on
2004 (Gehrels, 2004). The telescope mounts three instrument: 1) Burst Alert
Telescope (BAT), a hard X-ray coded-mask detector sensitive in the energy
range 15-350 keV and with a FOV of 1.6 sr, 2) X-Ray Telescope (XRT), a small
FOV focusing X-ray telescope sensitive in the soft X-ray band 0.2-10 keV, 3)
Ultra-Violet/Optical Telescope (UVOT), an optical/UV telescope sensitive
in the range 170-650 nm and able to reach a limiting magnitude of ∼23.
This unique combination of instruments enables us to trigger the GRB with
BAT, slew XRT in ≲100 s and finally collect optical data with UVOT, ev-
erything with an automatised on-board procedure. Simultaneously to the
GRB detection, a low-latency alert is spread in the astronomical community
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with the position of the source, giving the possibility to promptly activate
the follow-up with ground-based telescopes. The outstanding role of Swift
resides also in its unprecedented capability of providing a precise localisa-
tion of the burst, thanks to an angular resolution of 20 arcmin for BAT and
2.4 arcsec for XRT.
The operation of Swift revolutionised the observation of GRBs, allowing us
to systematically characterise the afterglow emission, since the early stages.
Deviations from the standard power-law temporal decay of the X-ray light
curve appeared and new features were discovered, such as X-ray flares and
X-ray plateaus (Chincarini et al., 2010; O’Brien, 2006; Zhang et al., 2006a).
In particular, Swift had a fundamental role for the study of short GRBs,
whose afterglow was too faint and too short-living to be detected in pre-
Swift era. The afterglow emission of several short GRBs has been de-
tected but in no case a SNa association was found (but see the case of GRB
200826A, Zhang et al. 2021). The host galaxies of short GRBs are late-type
(spiral/irregular) and usually gas poor, with minor star formation rate with
respect to long GRB hosts (Berger, 2009; Fong et al., 2013; Berger, 2014; Fong
et al., 2022; Nugent et al., 2022). Moreover, measuring the offset of GRBs
from the centre of the host galaxy, the short ones are on average located
farther away with respect to the long ones. With the years, the collection
of these hints corroborated the hypothesis that short GRBs cannot be origi-
nated by stellar explosions (Berger, 2014).
Along with Swift and Beppo-SAX, the mission HETE2 had a relevant role
for the study of GRBs, including the discovery of the first bright supernova
associated to the long GRB 030329 (Stanek et al., 2003; Vanderspek et al.,
2004), or the first optical afterglow associated with the short GRB 050709
(Fox et al., 2005).
One of the most favoured progenitors of short GRBs are compact binary
mergers (CBMs), as originally proposed by Eichler et al., 1989. Compared
to star collapse, a smaller amount of mass is expected to be accreted around
the stellar object and on a shorter time scale. This is in agreement with the
shorter duration and lower energetics observed for short GRBs. Moreover,
during the evolutionary path of the binary stellar system, both the com-
panions have to go through an explosion, and a natal kick usually tends
to displace the binary system from the birth place (Beniamini et al., 2016).
Given the time delay between the star formation and the merger, the bi-
nary system has enough time to migrate from the galactic disk towards the
outskirts of the galaxy. This would explain the large galaxy off-set usually
measured for short GRBs. In addition to a high-energy emission, CBMs
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produce a variety of mildly relativistic, quasi-isotropic ejecta. These out-
flows are neutron-rich and the radioactive decay of heavy elements power
a short, fastly decaying UV/optical/IR emission, known as kilonova (Li and
Paczyński, 1998). There are few cases where the kilonova emission/short-
GRB association has been claimed (Berger et al., 2013; Tanvir et al., 2013;
Yang et al., 2015; Jin et al., 2016), but the only with the event GW170817 we
had the first smoking gun that CBMs can be the progenitor of short GRBs
and kilonova emission (see section 2.3.1).
Moreover, increasing the sample of GRBs, the standard dichotomy short-
hard/long-soft started to reveal contamination between the two classes,
pointing towards a more complex scenario which indicates that duration
and spectral properties are possibly not enough to identify unequivocally
the GRB progenitor. Beyond the short/long classification, also new classes
have been identified, such as ultra-long GRBs, X-ray outbursts or γ-ray
flashes associated to tidal disruption events around super-massive black
holes.
New insights about the broad-band spectral properties of GRBs came with
the launch on 2008 of the Fermi satellite, a γ-ray telescope with two in-
struments onboard: 1) the Gamma-ray Burst Monitor (GBM, Meegan et
al. 2009a) observing in the band 8 keV-40 MeV, 2) the Large Area Tele-
scope (LAT, Atwood et al. 2009), operating in the band 20 MeV-300 GeV.
Before the launch of Fermi, the γ-ray spectrum of GRBs was well fitted with
mainly three empirical shapes: a single power law, a broken power law
with a smooth connection in correspondence of the break (better known as
Band function), or a power law plus a high-energy cutoff. Such components
suggest a non-thermal origin of the prompt emission. The observations of
Fermi revealed more complex features, such as quasi-thermal components
superimposed to the standard non-thermal emission (Ryde and Pe’er, 2009;
Ghirlanda et al., 2007). After the first years of operation, Fermi discovered
that few % of GRBs have an emission in the GeV band (≳ 100 MeV) (Miceli
and Nava, 2022). The GeV emission typically appears when the prompt
emission is over and it lasts more than the GRB duration itself, suggesting
that the emission site should be distinct with respect to the prompt emis-
sion one. On the other hand, the fast variability observed in the Fermi-
LAT light curves suggests that the GeV emission can occur in the same
emission site of the prompt emission observed in the MeV energy range
(Ajello et al., 2019). Another great leap forward came with the detection
of Very High-Energy (VHE) emission of GRBs with Imaging Atmospheric
Cherenkov Telescopes (IATCs) (Aharonian et al., 1997; Aleksić et al., 2016a;
Aleksić et al., 2016b). Cherenkov telescopes are sensitive to photons in the
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energy range between ∼100 GeV up to ∼ 100 TeV, whose detection is not
within the reach of γ-ray space telescopes, due to the limited volume of
the detectors. The detection of VHE emission from GRBs came only in the
last years due to technical difficulties related to IATCs, such as the limited
field of view and the strong absorption by extra-galactic background light
(Domínguez et al., 2011). This implies that only GRBs located in the nearby
Universe have a detectable VHE emission. Moreover the duty cycle of these
instruments is affected by atmospheric conditions, absence of Moon light
and position of the source with respect to the horizon. Therefore, even if
Cherenkov telescopes can potentially slew to the GRB sky position in few
tens of seconds, these limitations may delay the actual beginning of the ob-
servations. At the time of writing, 6 GRBs have been detected in VHE, of
which one short and 5 long (among them, 2 have a detection significance
3.5 < σ < 5, while 4 have σ > 5) (MAGIC Collaboration et al., 2019; H.
E. S. S. Collaboration et al., 2021; Abdalla et al., 2019; Acciari et al., 2021;
Miceli and Nava, 2022). The VHE emission has been detected during the
afterglow phase, between ∼100 s and ∼ 105 s and the luminosity at TeV
energies is comparable with the X-ray luminosity, indicating an underly-
ing process, possibly SSC from the forward shock, that produces a similar
amount of energy in the two bands.
After ∼50 yr from their discovery, we are able to investigate the nature of
these transients across an energy band of almost twenty orders of magni-
tudes in frequency, from radio band to VHE. A wide network of instru-
ments is necessary to perform an efficient study of these sources, starting
from wide-field X-ray and γ-ray instruments for the detection of the early
emission, going to facilities able to promptly follow-up and characterise the
full multi-wavelength emission.

2.3 The gravitational wave era

Binary systems of black holes (BHs) and neutron stars (NS) are GW emit-
ters during the inspiral and merger phases1. The emission is detectable
by current GW detectors LIGO (LIGO Scientific Collaboration et al., 2015),

1A detectable GW signal can be also produced during the collapse of a star, though the
strength is so weak that it is within the reach of current detectors only if the explosion
occurs inside our Galaxy or slightly farther away. GW emission from a stellar collapse is
expected only if the explosion is asymmetric (e.g., Bartos et al. 2013), and/or the collapse
remnant is a rapidly rotating neutron star, which deviates from the spherical symmetry
(e.g., Corsi and Mészáros 2009)
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Virgo (Acernese et al., 2015) and KAGRA (Aso et al., 2013) observing in
the Hz-KHz band. In 2015 LIGO/Handford and LIGO/Livingstone started
their first observing run and they detected the first GW from a binary BH
coalescence on September 14th 2015 (Abbott et al., 2016), opening a new
window on the Universe. Subsequently, the Virgo interferometer joined
the network in 2017, with KAGRA starting observations in 2020. At the
moment of the writing, after three observing runs, the network of interfer-
ometers collected 90 detections of CBMs (The LIGO Scientific Collaboration
et al., 2021a), including 86 BH mergers, two BH-NS mergers and two NS-
NS mergers (BNS).
The total number of detections is dominated by BBHs because the intensity
of the GW signal scales with the total mass, and hence more massive sys-
tems can be detected up to larger distances. For the third observing run the
detector ranges were, in the case of BNS mergers, 100 − 140 Mpc for LIGO,
40 − 50 Mpc for Virgo and < 1 Mpc for Kagra. A substantial improvement
is expected for the next observing run (see Sec. 2.4).
While for BH-BH mergers no electromagnetic (EM) counterpart is expected
(except for some exotic scenarios), binary mergers involving at least one
NS can likely produce an EM emission which can be detected in all wave-
lengths (see next section for further details). Depending on the relativistic
motion (mildly or ultra-relativistic) and radiative efficiency of the outflow,
the EM signal associated to these sources can be detected up to cosmologi-
cal distances. The search and the identification of the EM counterpart relies
on the observations of a network of space-based and ground-based instru-
ments. The success of the EM observational campaign strongly depends
on a variety of factors, such as the uncertainty of the GW sky area, the
capability of EM observatories to monitor large regions of the sky, the life-
time and brightness of the EM emission, as well as the ability to identify
and remove transient contaminants. This last depends on the properties of
the merging system, including the mass and spin of the components, the
nature of the remnant, the amount of ejected mass, and the inclination of
the orbital plane. Among the four GW detections which include at least
one NS, three had no identification of the EM counterpart (mainly due to
large uncertainties on the GW sky error box and properties of the system),
while GW170817 represents so far the only firm association of a BNS merger
with an EM transient. In the next section we present the wealth of infor-
mation derived for this event, emphasising the deep consequences for our
understanding of these phenomena. An exhaustive review of the scientific
progress following GW170817 in terms of our knowledge about EM tran-
sients associated to GW sources can be found in Metzger, 2019, Branchesi
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et al., 2020, Nakar, 2020, and Burns, 2020.

2.3.1 The revolution of GW170817

The most relevant event for the multi-messenger astrophysics is GW170817,
the merger of two NS and the only event so far followed by the detection
of the electromagnetic (EM) counterparts (Abbott et al., 2017c; Abbott et al.,
2017b; Abbott et al., 2017d). The extensive effort carried out by the astro-
nomical community allowed us to obtain a broad view of the EM signals
produced by BNS mergers. The γ-ray flash detected by Fermi and Integral,
together with all the follow-up observations from radio to X-ray, allowed
us to infer fundamental information about the nature of the outflows pro-
duced during BNS mergers. For the first time, we had the confirmation that
BNS mergers are able to produce short γ-ray bursts. The observation of the
UV/optical/infrared emission ∼ 10 hours after the merger led to the con-
clusion that a kilonova accompanied the BNS merger (Coulter et al., 2017).
The spectroscopic analysis confirmed that these events are ideal candidates
for the nucleosynthesis of heavy elements through r-processes (Pian et al.,
2017a; Smartt et al., 2017). The multi-wavelength analysis of the afterglow
light curve and the measurement of the apparent super-luminal motion of
the radio emission brought to the conclusion that in this event a relativis-
tic, collimated and structured jet was launched (Hallinan et al., 2017; Troja
et al., 2017; Ghirlanda et al., 2019a; Mooley et al., 2018b). Moreover the jet
was observed off-axis, with an inclination angle of 15 − 30◦ (e.g., Lazzati et
al. 2018a; Lamb et al. 2019; Mooley et al. 2022), justifying the sub-luminous
nature of the associated γ-ray burst.
In the following sections we retrace the steps, the observational results and
the wealth of information that came with the multi-messenger detection of
GW170817. All these insights will be the starting point to provide an ex-
haustive panoramic about the EM signals expected from CBMs. We will
discuss the current strategies adopted for the EM follow-up of GW events,
in order to understand how they can be improved for future detections.

Conclusions from the GW analysis

From the GW analysis of the chirp signal, it was inferred that the two NS
have masses m1 ∈ (1.36, 2.26)M⊙ and m2 ∈ (0.86, 1.36)M⊙, for a total mass
2.82+0.47

−0.09M⊙. These values slightly change with different priors on the NS
spins. The inferred luminosity distance is DL = 40+8

−14 Mpc and the or-
bital plane axis was oriented at an angle θJN < 56◦ with respect to the
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BOX 2.1: REMNANTS OF BNS MERGERS
Depending on the final mass, the internal differential rotation and magnetic field struc-
ture, as well as on the EoS, several merger remnants are expected:

• A stable NS, whose collapse is prevented by the pressure induced by nuclear in-
teractions alone. The maximum allowed mass (defined as MTOV) is uniquely
determined by the EoS.

• If M > MTOV , a supra-massive meta-stable NS is formed, supported by internal
rotation and hence by centrifugal forces. If the NS is also magnetised, the rota-
tional energy is converted into spin-down luminosity, inducing a slowing-down
process. As soon as the NS spin in no more large enough to support gravity, the
NS collapses into a BH.

• A hyper-massive NS is formed if neither the nuclear pressure or the centrifugal
forces are enough to contrast the gravity pull. Still, an additional support can be
given by internal friction induced by differential rotation of the NS, where also
the internal magnetic field can play a crucial role. Though, such configuration
has a very limited life-time (∼ 10 − 102 of ms), beyond which the NS collapses in
a BH.

• If the final mass is so high that none of the mechanisms reported above are
enough to support gravity, the two merging NS directly collapse into a BH.

line of sight (Abbott et al., 2017c). The deviations of the late-inspiral sig-
nal from the two-points approximation allowed us to derive the properties
of NS tidal deformability, directly connected to the equation of state (EoS).
Though, no conclusive information can be extracted from GW data regard-
ing the nature of the merger remnant. Indeed, the remnant depends not
only on the final mass (see box 2.1). Even if we have no definitive answer
about the merger remnant, further hints come from the modelling of the
kilonova emission, whose luminosity depends on the ejected mass. Indica-
tively, a prompt collapse into a BH would produce a limited ejected mass,
in contrast with the observed kilonova brightness. Therefore, the kilonova
brightness suggests a long-lived NS as remnant (Li et al., 2018; Yu et al.,
2018)
The GW analysis also provided a quite precise location of the source, with
an uncertainty of ∼ 30 deg2. This information was promptly circulated in
the astronomical community and exploited for the search of EM counter-
part, as well as for the identification of the host galaxy.
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Joint GW/γ-ray detection

Around 1.7 s after the merger Fermi (Goldstein et al., 2017a) and Inte-
gral (Savchenko et al., 2017) detected a short (2.0 ± 0.5 s) γ-ray flash,
GRB170817A. The associated sky error region of Fermi is very wide (∼ 1100
deg2, 90% level of confidence) and compatible with the GW error region.
The duration and the spectral properties of this GRB are compatible with
the typical values of the class of short GRBs. On the other hand, the to-
tal isotropic energy of (3.1 ± 0.7)× 1046 erg makes this event the dimmest
GRB ever observed. A straightforward explanation is that GRB170817A
has the standard energetics of short GRB population, but the jet is observed
off-axis and therefore the photons are de-beamed, making the GRB sub-
luminous. Another possibility is that the γ-ray flash is not produced by
standard dissipation of the relativistic jet, but rather by the emission from
a cocoon produced by the pressure of the jet on the surrounding material
(e.g., Gottlieb et al. 2018a). Hence the origin of the γ-ray flash observed in
coincidence with GW170817 is still debated. Though, arguments related to
the compactness of a relativistic jet observed off-axis challenge the scenario
in which γ-ray photons can escape a structured jet from a large inclina-
tion angle, giving more plausibility to the cocoon origin (Matsumoto et al.,
2019). Independently of the origin of the γ-ray flash, however, further ob-
servations of the afterglow emission confirmed the existence of a relativistic
jet, as shown later in the text. This fact highlights that, in absence of an EM
follow up and extended multi-wavelength observations, we would have
not been able to confirm that BNS mergers can produce relativistic jets and
hence to confirm the BNS/short GRB association.
Thanks to the GW-GRB association and the small temporal delay between
the two signals, tight constraints can be derived regarding the propagation
of GWs and the validity of GR. In the specific, considering a plausible range
of values for the time delay and the distance associated to the γ-ray flash,
we can constrain: i) the difference between the GW speed and the speed
of light, ii) the violation of Lorentz invariance and iii) the validity of the
equivalence principle (Abbott et al., 2017b).

The search of the host galaxy and the detection of the kilonova emission

Roughly 5 hr after the merger, the LIGO/Virgo collaboration circulated
the GW localisation, which was located in the southern hemisphere, and
ground based telescopes started the search for the counterpart as soon as
the sky region was visible above the horizon. Two search strategies where
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BOX 2.2: GWS AS STANDARD SIRENS
With the simultaneous knowledge of the host galaxy redshift and the luminosity dis-
tance provided by GWs it is possible to perform cosmological studies (Schutz, 1986).
Indeed, the luminosity distance depends on redshift only through cosmological param-
eters. For close-by events, such as GW170817, the tighter constraints can be derived
for the Hubble constant. The work of Chen et al., 2018 shows that with ∼ 10 yr of ob-
servations of GWs from CBMs with LIGO/Virgo detectors, the Hubble constant can be
constrained down to a precision of few %.

adopted: i) for wide-field telescopes, the entire GW sky region was sur-
veyed, through multiple tiling ii) for small-FOV robotic telescopes a tar-
geted search was adopted. In the latter case, the observations are restricted
only to the galaxies contained in the GW uncertainty volume, following a
prioritisation based on the parameters of the galaxy (such as luminosity,
mass and type). After ∼10 hr, an optical transient was identified in the
galaxy NGC 4993, located at a distance of 40 Mpc, compatible with the un-
certainty given by GWs (Hjorth et al., 2017). The identification of the host
galaxy provides the exact redshift of the source, giving the possibility to
exploit BNS mergers as standard sirens (Chen et al., 2018) and perform cos-
mological studies (see box 2.2).

At the beginning, early data showed a featureless spectrum peaking in
the UV band, whose shape was consistent with a single black body com-
ponent. At this stage, it was not possible to exclude that the transient was
associated to the early phase of a SNa explosion. Though, later observations
showed a rapid decline of the light curve and a fast transition to a spectrum
whose peak was progressively transiting towards the IR band. Moreover,
high-resolution spectra showed the appearance of broad and complex ab-
sorption lines, not compatible with any SNa spectrum (Villar et al., 2017).
The photometric and spectroscopic characterisation of this transient were
the smoking gun which confirmed that the UV/Optical/IR emission was
powered by the radio-active decay of heavy elements synthetised in the
neutron-rich outflows launched after the BNS merger. In such conditions, a
specific process, called rapid neutron capture, efficiently synthetizes heavy
elements (Li and Paczyński, 1998; Metzger, 2019). In the case of GW170817,
despite the difficulty in identifying the single elements, due to the high
velocities of the ejected material and the many atomic levels of heavy ele-
ments, a first attempt brought to the identification of spectral lines associ-
ated to the recombination of Cs and Te (Smartt et al., 2017). A following
more solid result came with the identification of Sr, confirming that the
BNS mergers are ideal factories for r-processes (Watson et al., 2019). Such
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BOX 2.3: TYPES OF EJECTA FROM CBMS

• Dynamical ejecta
During the very last phases of the inspiral, the NS is strongly deformed by
tidal forces and part of the star is ejected along the orbital plane, becoming
gravitationally unbounded (Radice et al., 2018). The amount of ejected mass
(∼ 10−4 − 10−2M⊙) and the velocity (∼ 0.1c) depend on the EoS of the NS; for
NS-BH mergers also the mass ratio and the BH spin play a major role because it
determines the innermost stable circular orbit. Typical values of Ye < 0.2 make
this type of ejecta an ideal place for r-process nucleosynthesis.
In case of BNS merger, at the moment of the contact between the two surfaces, a
shock-induced ejecta is produce perpendicularly to the orbital plane (Sekiguchi
et al., 2016). The temperature is higher compared to tidal ejecta, giving a higher
abundance of electrons (Ye > 0.3). Therefore no formation of heavy elements is
expected and the low opacity corresponds to a bluer emission.

• Disk-wind ejecta
The material that remains bound to the remnant circularizes and forms an accre-
tion disk, which produces a large amount of neutrinos and it is possibly mag-
netised. The high neutrino density induces an over-pressure in the disk, which
is inflated. If the neutrino flux is large enough, the exerted pressure generates
vertical winds from the disk (Dessart et al., 2009). The neutron density in these
outflows is suppressed by inverse beta decay, therefore the disk-winds contribute
mainly to the blue component of the kilonova.

• Viscous ejecta
Additional heating of the disk can be produced by viscous effects, mediated also
by magnetic fields (Fernández and Metzger, 2013). A large fraction of the disk
can be ejected (up to 10−2M⊙), but at small velocity and with a large range of Ye.

For an extensive review, see Metzger, 2019.

a result was also theoretically confirmed by Perego et al., 2022. The spe-
cific efficiency of nucleosynthesis processes mainly depends on the elec-
tron abundance Ye (defined as the neutron-to-proton ratio), and the lower
Ye the more efficient is the process. For high values of Ye (Ye ≳ 0.25), the
nucleosynthesis is poorly efficient and the outflows is Lanthanides-poor.
A higher abundance of Lanthanides, in turn, increases the opacity of the
medium, influencing therefore the peak time and the peak luminosity of
the light curve. A summary of the several components of CBM ejecta and
associated neutron abundance is reported in Box 2.3. Thanks to the accurate
modelling of the kilonova light curve, as well as of the spectral features, it
was possible to converge to the following conclusions:

• The initial UV/blue featureless emission was dominated by a
Lanthanides-free outflow, moving at high speed (v ∼ 0.3 c) and with
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a mass of ∼ 0.03M⊙ (Nicholl et al., 2017). Due to the reduced opacity,
this component peaks around 1-2 days after the merger.

• The following emergence of the IR emission, appeared few days after
the merger and lasted ∼ 10 days, is associated to a Lanthanides-rich
outflow. The complexity of the spectral features points toward a va-
riety of multiple outflows, with low-medium values of Ye. Pian et al.,
2017b identify two main components, one faster (v ∼ 0.2 c) associ-
ated to the dynamical ejecta and one slower (v ∼ 0.05 c) associated
to disk-winds. The total ejected mass is estimated to be in the range
∼ 0.03 − 0.05M⊙.

• Considering the total ejected mass, the abundance of Lanthanides
synthetised and the estimated local rate of these events, it is possible
to conclude that the abundance of heavy elements in the Solar System
can be attributed to BNS mergers.

The origin of the afterglow emission

In the following days, after the detection of the kilonova, the observational
campaign continued and the source was first detected 9 days after in X-rays
by Chandra (Troja et al., 2017) and 16 days after in radio by JVLA (Hallinan
et al., 2017). The observations continued in the next months and the source
was detectable in optical by HST (Lyman et al., 2018), and in X-rays by
XMM-Newton (D’Avanzo et al., 2018) and Chandra (Haggard et al., 2017).
This multi-band emission was compatible with a single power law spec-
trum, indicating a non-thermal origin. After the first detection, the flux
started to increase, following a quite shallow power law Fν ∝ t0.8, until
∼160 days after the merger the light curve reached its peak and started to
decline as t−2.2. Such behaviour cannot be interpreted in the scenario of a
forward shock from a top-hat jet. Two main solutions were proposed for
the interpretation of the afterglow: i) an ultra-relativistic collimated struc-
tured jet (Lazzati et al., 2018a; D’Avanzo et al., 2018) ii) a more isotropic
and less energetic outflow produced by the interaction of an unsuccessful
jet which drills trough the post-merger ejecta (Mooley et al., 2018a). In the
latter case the shallow increase of the light curve would be explained with
a stratification of the outflow, namely the ejected material is composed by
several layers, each expanding at different velocity.
The final answer came with the measurement of the centroid motion (Moo-
ley et al., 2018c) and the size evolution (Ghirlanda et al., 2019b) of the radio
image through VLBI observations, which are in agreement only with the
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obs. run LIGO Virgo Kagra LIGO/India
O4 160-190 Mpc 90-120 Mpc 25-130 Mpc -
O5 330 Mpc 150-260 Mpc > 130 Mpc 330 Mpc

TABLE 2.1: Detection ranges in the next observing runs of the GW detectors, from
Abbott et al., 2020a.

structured jet scenario. Several works tried to fit the multi-band afterglow
light curve adopting a structured jet, finding that both Gaussian and power
law profiles are consistent with the data (Lazzati et al., 2018a; Hajela et al.,
2019; Wu and MacFadyen, 2019a; Resmi et al., 2018; Ryan et al., 2020a;
Troja et al., 2019; Lamb et al., 2019; Hotokezaka et al., 2019; Nakar and Pi-
ran, 2021; Makhathini et al., 2021; Mooley et al., 2022). Independently on
the assumed structure profile, works that model only the afterglow light
curve prefer a quite larger value of viewing angle (θv ∼ 20 − 35 deg) com-
pared to the values derived in works that also exploit the information of
the centroid motion of the radio image (θv ∼ 14 − 28 deg). Moreover, pre-
cise astrometric measurement with the Hubble Space Telescope (Mooley et
al., 2022) allowed to shrink the uncertainty on the viewing angle, giving
θv ∈ [19 − 25] deg. At the moment of writing, the X-ray emission is still be-
ing monitored. A recent study (Hajela et al., 2022) claims a re-brightening
of the X-ray light curve, not compatible with the standard decelerating blast
wave (but see also Troja et al. 2022). One option could be the emergence of
the afterglow emission associated to the kilonova ejecta. Further observa-
tions are required to confirm this scenario.

2.4 GW counterparts of merger-driven GRBs:
prospects for near and far future

After the first three observing runs, two other phases of operations (O4 and
O5) are planned by the LIGO/Virgo/KAGRA (LVK) collaboration, starting
in 2023 and ∼mid 2026, respectively, with a substantial upgrade of the de-
tector sensitivities. Later in this decade also an additional interferometer,
LIGO-India, is expected to join (Bailes et al., 2021). The final target detection
ranges for BNS mergers are shown in Tab. 2.1, which would correspond in
the following rates for O4: 10+52

−10 BNS/yr and 1+91
−1 NS-BH/yr, with a me-

dian sky localisation of 33+5
−5 deg2 and 50+8

−8 deg2, respectively (Abbott et al.,
2020b; Petrov et al., 2022).
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Since so far almost all short GRBs (apart GRB 170817A) have been detected
at z > 0.1 (∼ 400 Mpc), the expected rate of joint GW/GRB detections in
O4 is rather low. This is mostly due to the high level of beaming of short
GRBs. An accurate estimate of the rate of joint GW/GRB detection has
to take into account the uncertainty of the local rate of BNS mergers, the
typical properties of the jet structure of short GRBs, as well as a reliable
model which is able to reproduce the statistical observational properties of
the short GRBs detected so far. The work of Patricelli et al., 2022 presents
an exhaustive overview for the detection of γ-ray and X-ray signals from
BNS observed in O4, considering a variety of high-energy satellites, such
as Swift, Fermi, Integral and SVOM. Among all the telescopes, Fermi re-
sults the most efficient, thanks to the wide FOV, giving a number of joint
GW/γ-ray detections in the range [< 1 − 6]/yr, where the main source of
uncertainty is related first to the assumptions on the local BNS rate, and
secondly to the assumptions on the jet structure. Notice that in this work
the rates estimation is done assuming that all BNS give a successful jet.
Comparable rates are derived by other works (Saleem et al., 2018b; Saleem
et al., 2018a; Song et al., 2019; Saleem, 2020; Howell et al., 2019; Colombo
et al., 2022). These expectations can further improve considering targeted
sub-threshold searches (Goldstein et al., 2019), which consist in exploiting
the GW information (sky area and merger time) to search for γ-ray signals
that in the online search do not reach the detection threshold.
Apart from the detection of the γ-ray, the EM counterpart can be searched
considering other energy bands. Regarding the detection of the X-ray emis-
sion from BNS mergers, two possibilities are available:

1. Swift-like operation: the short GRB is first detected in γ-rays by BAT
and it is localised with arcmin precision. Subsequently XRT can slew
in that direction. Once the source is localised with XRT, also other
space based X-ray telescopes, such as XMM-Newton or Chandra, can
point in the same direction.

2. No γ-ray emission is detected. In this case the GW sky error region is
exploited to start a galaxy-targeted search (Evans et al., 2016; Singer
et al., 2016; Klingler et al., 2019; Page et al., 2020). This strategy is
based on a priority-based schedule for the observation of the galaxies
contained in the GW uncertainty volume. The priority is chosen as-
signing to each galaxy a probability of hosting a BNS merger, where
the probability may depend on the luminosity, dimension, age or mor-
phological class of the galaxy (Artale et al., 2020). While this strategy
is efficient to optimise the search of the EM counterpart, on the other
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hand it is reliable only for the local Universe (below ∼ 100 Mpc) where
the galaxy catalogues are complete.

Another promising way to identify the EM counterpart of CBMs is the
search of the UV/Optical/IR transient, associated to the kilonova emission
(Mochkovitch et al., 2021; Frostig et al., 2022). The search consists in com-
paring images taken at different epochs with archival data, in order to dis-
cover new transients. The main challenge consists in covering in a short
amount of time the entire GW sky map, since in the first hours the strong
colour evolution of the kilonova allows us to distinguish it from other con-
taminants, such as supernova explosions. Therefore, to maximise the detec-
tion efficiency, it is preferable to catch the optical emission at the moment
of its peak ( ∼1-2 days for the blue/UV component, ∼ one week for the
red component). A first strategy consists in exploiting wide field telescopes
able to cover and tile with few exposures the GW sky map. A tiling priori-
tisation is necessary to maximise the probability of detecting the EM coun-
terpart (Ghosh et al., 2016; Coughlin and Stubbs, 2016; Salafia et al., 2017).
A second strategy is based on galaxy targeted search, as mentioned in the
case of small FOV X-ray telescopes. While the X-ray emission from CMBs is
collimated and the detection probability strongly depends on the viewing
angle, the associated kilonova is more isotropic and the dependence on the
viewing angle much more mild. Though, there are two main drawbacks:

1. the kilonova emission, even if more isotropic, is intrinsically fainter
compared to emission at higher energies. This means that, given the
typical kilonova luminosity, the detectability range of distance is lim-
ited to few hundreds of Mpc (e.g. Andreoni et al. 2022).

2. The identification of a kilonova is affected by the presence of numer-
ous contaminants, namely artefacts and astrophysical transients that
could have similar temporal and spectral properties. Large GW sky
areas can potentially contain a wealth of contaminants which need to
be discarded with an efficient classification strategy.

During O4, wide-FOV facilities will have a crucial role in the search of
the UV/Optical/IR counterpart, such as ZTF (Anand, 2021), Pan-STARRS
(Smartt, 2016) and DECam (Soares-Santos et al., 2017). Moreover, during
the fifth GW observing run, 05, planned for 2025, the Vera Rubin Obser-
vatory (VRO) (Ivezic, 2008) is expected to be operative and join the effort
for the search of GW optical counterparts. With its unprecedented sensitiv-
ity VRO will be able to deeply probe the entire volume accessible to GW
instruments in O5.
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Third generation GW detectors

The advent of third-generation (3G) GW observatories, such as the Einstein
Telescope (ET) (Punturo et al. 2010) and Cosmic Explorer (CE) (Abbott et al.
2017a), will be a substantial leap forward for the detection of GW sources
at cosmological distances. ET is an underground observatory, designed as
three low and three high frequency interferometers nested in a triangular
shape forming three 10 km arms. CE, instead, is an L-shaped surface in-
terferometer 40 km in length. The exquisite improvement of sensitivity of
about one order or magnitude with respect to current detectors, as well as
the widening of the frequency band, will correspond to a unique scientific
return. In the specific, 3G detectors will give us the possibility to:

1. systematically probe the coalescence of compact binaries, with a deep
impact on multi-messenger astrophysics. The ET and CE are expected
to detect ∼ 105 BNS per year, reaching redshifts well above the star
formation peak (Maggiore et al. 2020, Evans et al. 2021a); for opti-
mally located and oriented systems, ET will be able to detect BNS up
to z ∼ 5, while CE will do so up to z ∼ 10. For comparison, the
current GW detectors are expected to reach z ∼ 0.2, even consider-
ing new upgrades planned for the fifth run of observations in 2025
(Abbott et al. 2020a).

2. Accurately reconstruct the merger rate of binary systems up to high
redshifts. This enables us to disentangle between different channels
of formation, as well as to reduce the systematic uncertainties on the
prescriptions of population synthesis models.

3. Investigate the population of primordial BHs, whose existence is still
widely debated. Their detection would shed new light on the nature
of dark matter, with deep consequences on cosmological models. In
the hypothesis of a population ∼ 106 primordial BHs located at z >
10, ET will be able to recover ∼ 103 detections during one year of
observation.

4. Probe the physics of curved space-time in the vicinity of the event
horizon, thanks to the high SNR signals in correspondence of the ring-
down of BH mergers. This translates not only in testing the validity
of general relativity to an unprecedented level of precision, but also
to have access to exotic phenomena, such as GW echoes.

5. Extract information about nuclear physics and equation of state (EoS)
of NS. From the precise estimation of the NS tidal deformability, we
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can derive tight constraints on the mass-radius relation, possibly ex-
cluding all the EoS which do not satisfy such relation.

6. Perform precision cosmology, with the use of both bright and dark
sirens. This includes the measurement of the Hubble constant, probe
of the dark energy equation of state and modified gravity propagation
across cosmological distances.

The ET, in particular, is very promising for multi-messenger purposes.
It will be capable of detecting BNSs well before the merger, following their
inspiral not only for minutes but also for several hours in the case of close-
by events. This enables us to use the Earth rotation to determine the sky
localisation even when ET is operating as a single detector (Chan et al.,
2018; Grimm and Harms, 2020; Nitz and Dal Canton, 2021; Li et al., 2022).
These authors found that a fraction of a few percents of BNS detected by ET
will have a sky localisation uncertainty ∆Ω < 100 deg2. This fraction in-
creases to a few tens of percents when ET is operating in network with CE.
Considering a network of three 3G detectors located in Europe, USA, and
Australia a few tens of percents of detected BNS will be localised within 10
deg2 and almost the totality within 100 deg2 (Li et al. 2022, Borhanian and
Sathyaprakash 2022, Mills et al. 2018). A detailed study of performance
metrics of several configurations of network including CE, ET, and the sec-
ond generation detectors and their upgrade, are given in Borhanian and
Sathyaprakash 2022; Ronchini et al. 2022a; Iacovelli et al. 2022. Another
proposed GW observatory to be mentioned is the Neutron star Extreme
Matter Observatory (NEMO, Ackley et al., 2020), a 4-km detector whose
sensitivity at high frequencies will be relevant for the investigation of neu-
tron star physics and for multimessenger purposes (Sarin and Lasky, 2022).
To maximise the scientific return of the next generation GW detectors in
the multi-messenger context it is of paramount importance to evaluate the
expected rate of joint detections, to identify the necessary instrumental re-
quirements and optimal observation strategy. This was largely explored in
my thesis work and will be described in Chapter 6.
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Chapter 3

Prompt and afterglow emission
modelling

In this chapter we review the basic processes associated with the dissipation of the
internal energy of the GRB relativistic jets as well as their interaction with the
circum-burst medium. Particular attention is dedicated to the role played by the
jet structure, both for prompt and afterglow emission, as well as in the context of
GRB luminosity function and population studies.

3.1 Prompt emission of γ−ray bursts

The prompt phase of GRBs is defined as high-energy emission (keV-MeV
range), whose duration is characterised by the quantity t90, defined in such
a way that

Φ90 =
∫ t90

t0

Fddt = 90%Φtot,

where Fd is the flux measured by the detector and Φtot is the total energy
fluence of the GRB. Given this definition, it is clear that the duration of
the GRB is not an intrinsic and absolute quantity, but it depends on the
sensitivity and the energy band of the instrument. The light curve is highly
irregular and it is composed by the superposition of several pulses. The
shape of single pulses is usually well fitted by a fast-rise followed by an
exponential decay (Norris et al., 1996). A faction of GRBs (3-20%) presents
an additional emission before the initial trigger, known as precursor (Koshut
et al., 1995; Lyutikov and Usov, 2000; Hu et al., 2014). A proxy of the total
energy released during the prompt emission is called the isotropic energy
Eiso and it is defined as

Eiso =
4πD2

LkΦ
1 + z

,
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where k is the k-correction to account for redshift of the energy spectrum
and the fluence Φ is typically taken in the rest frame energy range 1 − 104

keV, in order to give a bolometric estimate of the energy released. The typ-
ical values are in the range [1049 − 1055] erg, with a median value ∼ 1052

erg for long GRBs (Ghirlanda and Salvaterra, 2022) and ∼ 1051 erg for the
short ones (Ghirlanda et al., 2016a). The adjective isotropic is used to spec-
ify that this energy estimate is done under the assumption that the source
emits isotropically. If instead the emission is beamed in a cone with a solid
angle aperture ∆Ω, then the true energy released is Eiso × ∆Ω/4π.
When the prompt emission light curve is analysed in different energy
bands, the width w of the pulses results to be wider at lower frequencies,
following a behaviour like

w(E) ∝ E−s, s > 0.

with typical values of s in the range [0.3 − 0.4] (Norris et al., 2005). More-
over, softer photons arrive later to the observer, causing a spectral lag which
is more evident in long GRBs, but not significant in the short ones (Norris
and Bonnell, 2006). The spectral lag, instead, does not hold for GeV emis-
sion (e.g., Abdo et al. 2009), which usually appears later, possibly indicating
a different origin with respect to the keV-MeV emission. The energy depen-
dence of the pulse width together with the evidence of spectral lag can be
interpreted as due to a peaked spectrum whose peak energy evolves in time
towards lower values.
When the energy band of the instrument is wide enough, the spectrum is
well fitted by the Band function (Band et al., 1993):

N(E) =

{
AEα exp

(
− E

E0

)
, E < (α − β)E0

A [(α − β)E0]
α−β exp(β − α)Eβ, E ≥ (α − β)E0

and the peak energy is Ep = (2 + α)E0. The values of the low- and high-
energy photon indices are α ∼ −1 and β ∼ −2 (Preece et al., 2000). Though,
when multiple energy bands are considered (from optical to MeV), the
overall spectrum shows significant deviations from the Band function and
the addition of an additional spectral break is required (Oganesyan, 2017;
Oganesyan, 2018; Oganesyan, 2019; Ravasio, 2018; Ravasio, 2019). These re-
cent studies confirm that the presence of an additional break corroborated
the validity of synchrotron as dominant process in the prompt emission (see
also Burgess 2020).
The energetic and spectral properties of GRB emission are characterised by
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the following empirical correlations:

• Amati relation: Êp ∝ Epa
iso (Amati et al., 2002)

• Yonetoku relation: Êp ∝ Lpy
p,iso (Yonetoku et al., 2004)

• Ghirlanda relation: Êp ∝ Epg
γ (Ghirlanda et al., 2004)

where Êp = (1 + z)Ep is the rest frame peak energy, Lp,iso is the isotropic
peak luminosity, and Eγ = Eiso ×∆Ω/4π is the beaming corrected isotropic
energy. The typical values are pa ∼ 1, py ∼ 0.5 and pg ∼ 0.7. The Ghirlanda
relation can be defined only for a limited sample of GRBs where an estimate
of the beaming angle is available and results be to less scattered than the
Amati relation. Both long and short classes follow these correlations, but
the short ones are shifted to higher values of peak energy.

3.1.1 The theoretical foundations

The current standard interpretation of prompt emission invokes the pres-
ence of a ultra-relativistic collimated outflow which moves towards the ob-
server and dissipates its internal energy in the form of γ-ray radiation. One
of the strongest arguments supporting the relativistic motion is the com-
pactness problem. Since we observe photons above the pair production
threshold, the emission region should be optically transparent. In the hy-
pothesis of a non relativistic motion, the dimension of the emission site is
R ∼ cδt, with δt the temporal variability. The resulting pair production
opacity would be

τγγ ∼ σTnR ≫ 1,

where the photon density n can be derived from the typical GRB energet-
ics. Therefore no radiation should escape from the source, unless it moves
at relativistic speeds. In this case two combining effects can solve the com-
pactness problem:

• the pair production threshold is decreased by a factor Γ2, since ϵ1ϵ2 >
mec2 holds in the comoving frame,

• the dimension of the emitting region as well is reduced by a factor Γ2

in the observer frame,

where Γ is the bulk Lorentz factor of the outflow. In order to accelerate
matter to relativistic speed, a central powerful engine is required. Given
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the small temporal variability, stellar compact objects are usually invoked,
in particular BH and NS. In the case of a BH, the gravitational energy of the
accreting material is converted to kinetic energy of the outflow (Blandford
and Znajek, 1977). The presence of a magnetic field tangled with the accre-
tion disk allows the extraction of rotational energy from the BH, which is
spent to accelerate the relativistic jet. For a NS as central engine, similarly, a
strong magnetic field could play a major role in powering and collimating
the jet, even if the required conditions are still under debate (e.g. see Ciolfi
2020 for an exhaustive review). Depending on the initial physical condi-
tions at the moment of the jet launching, the plasma can be either weakly
or highly magnetised. In the former case the outflow is matter dominated,
in the second it is Poynting-flux dominated. The magnetisation is defined
as

σ =
B2

0
4πηρc2 ,

where B0 is the initial magnetic field strength, η the energy per baryon and
ρ the matter density. In the limit of σ ≪ 1, the outflow follows the evo-
lution of the so called fireball scenario. The concept of fireball was initially
introduced by Goodman, 1986 and Paczynski, 1986, where only a mixture
of e± pairs and photons was considered, without any baryon loading. The
baryon load was subsequently introduced by Shemi and Piran, 1990. At the
beginning the fireball is confined into a region of dimension R0 and due to
the initial high temperature the radiation pressure dominates the expansion
of the gas. Only later the fireball becomes optically thin to pair annihilation
and photons can leave. The expected spectrum is therefore purely ther-
mal, which is not consistent with observational evidences. If a rather small
baryon load is included in the initial state of the fireball, part of the thermal
energy is converted to the bulk kinetic energy. As soon as the radiation en-
ergy density is sub-dominant with respect to the matter density, the fireball
enters the coasting phase, expanding with a constant bulk Lorentz factor Γ.
In order to explain the non-thermal nature of the GRB prompt spectra, a
physical process is necessary to convert the kinetic energy of the jet into
internal energy of the paricles. The presence of relativistic shocks and/or
regions of magnetic reconnections are viable mechanism to energize parti-
cles. One of the most widely accepted scenario invokes the launching of
multiples shells of material from the central engine, which is expected in
the case of a central engine with erratic activity. For instance, in the case
of a highly-accreting BH, the outflow episodes would reflect the rate of ac-
cretion, which is expected to be non stationary and highly variable. The
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variable ejection mass rate is translated in the observed high variability of
the γ−ray emission. If the ejected shells move with different speeds, the
faster one will catch the slower one, producing a shock region where parti-
cles can be accelerated. This scenario is known as internal shock model (Rees
and Meszaros, 1994). After the two shells merge, a single resulting shell
will move with a final speed such that the conditions of energy and mo-
mentum conservations are satisfied. Calling m1, m2 and Γ1, Γ2 the mass
and the Lorentz factor of the two shells, the energy conversion efficiency
(i.e. E f inal/(E1 + E2)) is:

ηIS = 1 − m1 + m2√
m2

1 + m2
2 + m1m2

(
Γ2
Γ1

+ Γ1
Γ2

) .

For equal mass shells the efficiency reaches its maximum, but usually it
cannot be larger than ∼ 1 − 10%.
In the presence of relativistic shocks, particles are expected to be acceler-
ated, under the effect of mechanisms such as diffuse shock acceleration.
Alternatively, in jet dominated by magnetic energy, the magnetic field struc-
ture can assume particular configurations that can favour the phenomenon
of magnetic reconnection and acceleration of plasmoids. The acceleration
mechanism modifies the energy distribution of particles, which initially
corresponds to a Maxwellian, through the formation of a high-energy tail,
usually close to a power law, i.e. in the form:

N(E) =
dN
dE

∝ E−p.

The most updated particle-in-cell simulations of relativistic shocks predict
an average value of p ∼ 2.2 (Sironi et al., 2015). Thanks to its radiative
efficiency, one of the most plausible radiative processes through which par-
ticles can cool is the synchrotron emission. The synchrotron losses tend to
modify the particle energy distribution and hence the overall spectral shape
changes in time. More in the specific, we can define an energy γc(t) which
corresponds to the energy of the particle which loses most of its energy
during an interval of time t. Knowing the synchrotron power, we have:

γc(t) ≃
6πmec
σTB2t
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in the limit of γc ≫ 1 and valid in the assumption of a time independent
magnetic field. This means that, for a fixed time t, all the particles with
energy γ > γc have lost all their initial energy. In order to understand how
the particle distribution evolves in time due to energy losses, we have to
solve the continuity equation, which reads as:

∂N
∂t

= − ∂

∂γ
[γ̇N] + Q(γ, t),

where N is the particle density and Q is the injection rate,1 which corre-
sponds to:

Q(γ, t) ∝ γ−p, γm < γ < γM, 0 < t < δt

If the duration of injection δt is much smaller than all the other time scales
of the system, then the resulting synchrotron spectral shape can be derived
in two regimes:

• slow cooling: γc(t) > γm

Fν ∝

{
ν−1/2, νc < ν < νm

ν−p/2, νc < νm < ν
(3.1)

• fast cooling: γc(t) < γm

Fν ∝

{
ν−(p−1)/2, νm < ν < νc

ν−p/2, νm < νc < ν
(3.2)

where νm and νc are the frequencies corresponding to the energies γm and
γc, respectively (for a given γ, the corresponding synchrotron frequency
is ν(γ) = 3

4π γ2 qB
mc , with q the charge of the particle). In both regimes,

Fν ∝ ν1/3 for ν < min(νm, νc), which is the typical low-energy slope for
synchrotron spectrum from a single particle. The spectral shape reported
above is valid in the limit of a randomly oriented magnetic field and for an
isotropic motion of particles in the comoving frame. Modifications to this
standard picture are expected if the magnetic field is dominated by small
scale perturbations, as in the case of magnetic reconnections (e.g., Goto and
Asano 2022).

1The diffusion term is neglected, since in GRB outflows diffusion is expected to occur
on time scales much larger than cooling time scales. In addition, the term associated to
losses due to escape from the system is neglected.
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As mentioned before, recent works revealed that a single broken power law
is not sufficient to fit the multi-band emission during the prompt phase. An
additional spectral break is necessary and the overall spectral shape is con-
sistent with a single synchrotron emission in a marginal fast cooling regime.
This means that the particles responsible for the prompt emission are not
able to cool efficiently. Though, considering the typical values of GRB lumi-
nosity, dissipation radius and magnetic field, electrons are expected to cool
on a time scale much smaller than the dynamical time scale of the jet (Ghis-
ellini et al., 2000). Therefore a synchrotron radiation in fast cooling regime
would be expected, against the observational evidence. There are several
solutions that have been proposed to solve this inconsistency, such as re-
heating processes (Asano et al., 2009), decaying magnetic field (Uhm and
Zhang, 2014), or hadronic scenarios (Asano and Mészáros, 2012; Murase et
al., 2012). Moreover, recently Ghisellini, 2020 proposed that the fast cooling
issue can be attenuated assuming that synchrotron emission from protons,
instead of electrons, dominates the prompt emission. Being more massive,
protons cool more slowly compared to electrons, in agreement with the
observational evidence of a synchrotron spectrum in marginal fast cooling
regime (see also Daigne et al. 2011; Beniamini et al. 2018).
As exhaustively summarised by Panaitescu and Vestrand, 2022, the low-
energy spectrum of GRB prompt emission can deviate from the standard
picture reported in eq. 3.1 and 3.2 introducing a temporal evolution of the
particle injection and the magnetic field decay. In the case of particles ac-
celerated by a relativistic shock, the injection time scale is realistically not
negligible and it is given by life-time of the shock plus and the time needed
by the particle to cross the shock front multiple times. Moreover, if the
magnetic field is originated by turbulence and/or stream instabilities in the
downstream shock region, its intensity is expected to decrease in time as the
shock expands and the downstream region enlarges. From eq. 3.1 and 3.2,
the hardest low-energy spectral index is βLE = min(−1/2,−(p − 1)/2). If
we define tB the typical variation timescale for the magnetic field and trad
the cooling time scale, then we have:

• for tB ≫ trad and for dominant adiabatic cooling,

βLE =





1/3, y < 5/9
3/4(1 − y), 5/9 < y < 2
−3/4, y > 2

,

where the injection rate scales with time as t−y
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• for tB ∈ (1, 10)trad, βLE ∈ [−1/2, 1/3] if synchrotron is the dominant
cooling process, βLE ∈ [−3/4, 1/3] if adiabatic cooling is dominant.
The specific value of βLE depends on the injection rate.

In all the cases, the largest spectral index is βLE = 1/3 and an observed
value harder than this limit would be in contrast with this framework.

3.2 Afterglow emission

After the jet dissipates part of its internal energy during the prompt emis-
sion phase, most of the energy is still in the bulk motion. As the outflow
expands in the circum-burst medium a forward shock forms, which starts
to significantly decelerate as soon as its mass is comparable to the swept-
up mass (Mészáros and Rees, 1997; Rhoads, 1999). Simultaneously to the
formation of the forward shock, also a reverse shock starts to cross the jet,
increasing its internal energy. Particles are accelerated in the downstream
region and are expected to cool and radiate mainly through synchrotron
emission. Depending of the relative ratio between the magnetic field den-
sity and the photon density, also cooling through inverse Compton can play
a relevant role. The combined action of particle cooling and jet deceleration
produce a long-lasting multi-band emission known as afterglow phase. In
order to derive the expected radiative output from the external shock, in-
cluding the spectral and the temporal properties, the knowledge of the jet
dynamics is necessary.

3.2.1 Dynamics of the blast wave and related multi-
wavelength emission

From first principles, the jet dynamical evolution can be derived imposing
energy conservation, namely in the approximation that only a negligible
fraction of the kinetic energy of the jet is radiated away (Mészáros and Rees,
1997; Sari et al., 1998b). Under this assumption and considering a generic
circum-burst medium whose density radial profile goes as n ∝ r−k, the
temporal evolution of the bulk Lorentz factor and the shock radius is:

Γ ∝ t
k−3

8−2k , r ∝ t
1

4−k .

The analogous temporal evolution can be derived in case of highly-
radiative blast wave imposing momentum conservation, instead of energy
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conservation. These simple scaling relations can be further extended in-
cluding possible energy injection into the blast wave, due to late-time ac-
tivity of the central engine (Zhang and Mészáros, 2001b). Considering an
injection luminosity

Linj(t) ∼ t−q,

for q > 1 the injected energy is asymptotically constant in time, giving
negligible contribution to the blast wave evolution, while for q < 1 the
injected energy increases with time as

Einj ∝
∫

Linj(t)dt ∼ t1−q.

As soon as the injected energy is comparable to the blast wave energy, the
asymptotic temporal evolution is given by:

Γ ∝ t
k−q−2
8−2k , r ∝ t

2−q
4−k .

The original discovery of the blast-wave evolution is due to the self-similar
solution provided by Blandford and McKee, 1976. A more detailed solu-
tion is given by Nava et al., 2013, where terms related to radiative losses
and adiabatic losses are taken into account. The inclusion of all these ingre-
dients leads to a set of coupled differential equations in the form:





dΓ
dr = f (Γ, ρ, U)

dU
dr = g(Γ, ρ, U)

,

where U is the total internal energy, ρ is the ISM density and r is the radial
coordinate. Once the initial conditions are set up, the temporal evolution of
Γ(t) is univocally determined. One information which needs to be specified
is the contribution due to radiative losses, which impact the evolution of the
internal energy. This term depends on the microphysical properties of the
forward shock, which can be summarized by two terms:

• ϵe which is the fraction of energy of the blast wave that goes into non-
thermal electrons

• ϵb which is the fraction of energy of the blast wave that goes into the
magnetic field energy density
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The interplay of these two factors determines the temporal evolution of the
particle energy distribution and hence the evolution of the total internal en-
ergy, as well.
The blast wave dynamics determines the observational properties of the
afterglow emission, which is given by the dominant radiative process. In
the standard scenario, synchrotron emission is the leading process for af-
terglow and its spectral and temporal evolution can be derived knowing
the evolution of the characteristic frequencies νm and νc, as well as the flux
density at ν∗ = min(νm, νc). The basic scaling relations are given by:

νm ∝ Γγ2
mB,

νc ∝ Γγ2
c B,

Fν,max ∝ NtotPν,max,

where Ntot is the total number of emitting particles and Pν,max is the syn-
chrotron power emitted by a particle with γ = min(γm, γc). Therefore,
once the dynamics of the jet and the evolution of magnetic field are known,
the synchrotron emission can be derived.
So far, the treatment adopted considers the blast wave isotropic but it re-
mains valid also in the case of a collimated outflow, provided that the beam-
ing factor 1/Γ(t) < θj, where θj is the aperture angle of the jet cone (Rhoads,
1999). Instead, as soon as 1/Γ(tb) = θj the observed flux is affected by the
non-isotropy of the blast wave. The observational effect is the appearance
of a jet break at the time tb. Since this is a purely geometric effect, the jet
break is achromatic, namely occurs at the same time independently on the
observed energy band. The evidence of jet breaks in afterglow light curve is
one of the smoking guns to prove that GRB outflows are highly collimated.
The final appearance of afterglow emission can deviate from what de-
scribed so far if further effects are included, such as:

1. the contribution from equal arrival time surfaces (Huang et al., 2007).
Such effect is not negligible if the emitting region is not much smaller
than the emission radius. In this case, different fluid elements located
at different polar angles and emitting at different times (in the source
frame) contribute simultaneously to the total flux received by the ob-
server at given time.

2. the inclination between the line of sight and the symmetry axis of
the jet. Indicatively, the larger the inclination angle, the fainter the
afterglow emission and the later the peak time of the light curve.
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3. the jet structure. In the Blandford-McKee self-similar solution no de-
pendence on the polar angle is included and therefore the shock sur-
face is approximated as a spherical shell. As explained later, devi-
ations from the spherical approximation are expected, introducing
a dependence of the bulk motion on the angle (Rossi et al., 2002a).
Moreover the jet structure can introduce also an angular depen-
dence of the microphysical shock parameters, such as the acceleration
and/or radiation efficiency.

3.2.2 X-ray afterglow light curve: open issues in interpret-
ing steep decay, flares and plateau

The transition between the end of the prompt emission and the onset of the
afterglow is often characterised by a steep decline of the light curve, well
observed in the X-ray band (Tagliaferri, 2005; Nousek, 2006; O’Brien et al.,
2006; Zhang et al., 2006b; Zhang et al., 2007). The discovery of this feature
was possible thanks to the fast re-pointing capabilities of Swift-XRT. How-
ever, since the prompt emission, depending on the GRB duration, can stop
well before the beginning of the XRT observation, the steep decay can be
missed. The temporal decline is well fitted by a single power law, with a
temporal slope α > 3. Such a steep decline cannot be reconciled with an
external shock origin, since it would require an unphysically fast decelera-
tion of the fireball. Moreover, since the steep decay is smoothly connected
to the end of the last prompt emission pulse, this phase is interpreted as
the X-ray tail of the prompt emission. Therefore its origin is attributed to an
internal jet dissipation, rather than related to the external shock. The rapid
decline can be either due to the high-latitude emission (HLE) effect, related
to the geometrical curvature of jet (Kumar and Panaitescu, 2000), or to an
intrinsic decaying activity of the central engine (Barniol Duran and Kumar,
2009; Fan and Wei, 2005).
The X-ray tail of the prompt emission is also usually characterised by a
continuous spectral softening (Zhang et al., 2007). Though, its origins is
still under discussion, since it could be due to a pure HLE effect or a com-
bination of HLE plus an intrinsic spectral evolution in the jet comoving
frame, related to the cooling of the particles after the end of prompt emis-
sion. Therefore, a systematic study of the relation between the flux decay
and the spectral evolution is necessary to shed light on the late phases of the
prompt emission, the origin of dissipation and cooling processes, as well as
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the nature of the emitting particles. Part of this thesis work has been dedi-
cated to this investigation (see Chapter 4).
The standard blast wave deceleration produces a smooth decline of the X-
ray light curve, though very often the X-ray light curve presents sudden
peaks also known as X-ray flares (Chincarini et al., 2007; Burrows et al., 2005;
Chincarini et al., 2010). Most of them happen 102 − 103 s after the trigger
and the emitted energy is few % of the total prompt emission fluence. They
are much softer than usual prompt emission pulses and they are charac-
terised by a hard-to-soft spectral evolution. Due to their rapid rise and fall,
their origin cannot be related to the external shock, while it is commonly
thought that they are connected to the late time accretion episodes on the
central engine.
Finally, another intriguing feature of the X-ray light curve is the presence
of a shallow decay phase, which can last ∼ 102 − 104 s, or even more in
some extreme cases. The temporal decay slope is α ≲ 0.7. When α ∼ 0 this
phase is better known as X-ray plateau (Zhang et al., 2007). When compared
to the expected temporal slopes from standard blast wave deceleration, the
plateau cannot be explained within this scenario, unless an energy injec-
tion is assumed2. In this last case, the temporal evolution of the light curve
should be achromatic, namely independent on the observed band. Though,
a large fraction of plateaus shows a chromatic behaviour when both X-ray
and optical data are taken into account, posing a challenge to energy in-
jection models. Additionally, there are few cases of shallow X-ray phases
followed by a very steep (α ≫ 2) temporal decline. Since the angular time
scale ta ∼ R/2cΓ2 represents the minimum time scale over which the light
curve can substantially vary, such steep declines have to be attributed to an
internal origin, for instance due to the internal dissipation in a wind pow-
ered by a magnetar spin down. In this case the plateau is defined internal.
As explained in detail in Sec. 3.3.1, alternative models can explain the
plateau phase as a direct consequence of the jet structure. The origin
could be either connected to the prompt emission from a structured jet
(Oganesyan, 2020; Ascenzi et al., 2020b) or by the afterglow emission from
a structured jet viewed slightly off-axis (Beniamini et al., 2020a). Therefore,
the origin of the plateau phase is still matter of discussion. A detailed in-
vestigation of its origin can give information about the connection with the
central engine and its late-time activity. My thesis work was in part de-
voted to understand the origin of the plateau phase of GRBs. Details are

2Notice that the forward shock can still produce a plateau phase in the case of a wind
medium and low values of Γ
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given in Chapter 5.

3.3 The jet structure

As mentioned in the previous sections, a series of compelling evidences,
both observational and theoretical, show that the GRB outflow should be
ultra-relativistic and highly collimated. As a zero-order approximation,
the jet geometry is close to a bi-conical outflow with an aperture angle θc,
known also as top-hat jet. The value of θc can be inferred by the observation
of the jet-break in the afterglow light curve, but its identification is usually
not straightforward. Hence, only for a limited number of cases, the jet aper-
ture can be reliably estimated. On average long GRBs show larger θc than
short GRBs (Frail et al., 2001; Fong et al., 2015a). The knowledge of θc is
also fundamental to estimate the true energy content Ej of the jet, which is
related to the isotropic energy as follows:

Ej = (1 − cos(θc))Eiso.

More in general, the jet can deviate from a simple top-hat approximation,
with a structure described by a more complex function which specifies the
angular energy distribution:

dE
dΩ

= E(θ, ϕ),

where θ and ϕ are the polar and azimuth angles, respectively (Rossi et al.,
2002a; Kumar and Granot, 2003; Lazzati and Begelman, 2005) . Due to
typical cylindrical symmetry of the processes responsible for the jet launch,
the dependency on ϕ is neglected (though, see Lamb et al. 2022a). In turn,
the energy angular structure is translated in a dynamical structure (i.e. Γ →
Γ(θ)) and in a geometrical structure (i.e. R → R(θ)), which depend also on
time. With this definition the total jet energy is:

Ej =
∫

E(θ)dΩ.

A structured jet can be always characterised by:

• a jet core (θ < θc), where the jet is indistinguishable from a spherical,
uniformly expanding outflow;
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• an off-core component (θ > θc), also knows as jet wings. Two com-
monly adopted profiles are the Gaussian (E(θ) ∝ exp

{
[−θ2]

}
) and

the power law profile (E(θ) ∝ θ−k).

This is translated in:

E(θ) =
{ ∼ E0, θ < θc

∼ E0 · fε(θ), θ > θc

and similarly for Γ:

Γ(θ) =
{ ∼ Γ0, θ < θc

∼ Γ0 · fΓ(θ), θ > θc
,

where fε(θ) not necessarily has the same functional behavior of fΓ(θ).
The origin of the jet structure is attributed to a combination of the spe-

cific launching mechanism, the collimation process and the interaction be-
tween the jet and the circum-burst medium (see Salafia and Ghirlanda, 2022
for a comprehensive review). These processes occur at different spatial and
temporal scales, and it is still under debate which is the dominant one
for the final determination of the structure. Once the jet is launched, it
propagates through a dense, possibly baryon-polluted, environment. For
collapsar-driven GRBs, this medium is represented by the outer layers of
the star envelope, while for merger-driven GRBs by the merger ejecta. In
both cases, as soon as the jet meets the dense medium a first shock is
formed, but radiation still cannot escape due to high opacity, if the shock oc-
curs below the photospheric radius. During the jet propagation, transverse
pressure waves propagates towards the external sides of the jet head, inflat-
ing them and creating a self-sustained cylindrical cocoon which helps the
jet to keep the collimation. Therefore, even if originally the jet is launched
with an aperture angle θa, it is re-collimated thanks to the cocoon pressure,
which transforms a conical outflow into a more cylindrical motion.
The jet keeps propagating and if it is not successful in drilling through the
envelope/ejecta, no EM emission can escape and the jet is defined chocked.
If instead it is energetic enough, it reaches the outer layers of the enve-
lope/ejecta. Due to the abrupt decrease of density, the jet has no more
material that slows down its propagation and undergoes to a rapid expan-
sion. This transition phase is known as jet breakout or shock breakout (SBO),
during which the jet becomes transparent and radiation is released (Nakar
and Piran, 2017a). In the case of merger-driven GRBs, the success of the
jet in breaking out depends also on the time delay between the merger and
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the jet launch, possibly due to the time needed for the remnant to collapse
into a BH. The larger the delay, the longer the time the ejecta have to ex-
pand and decrease in density, facilitating the propagation of the jet. On
the other hand, neutrino-driven winds produced after the merger can sig-
nificantly pollute the ejecta, disfavouring the jet propagation (Nativi et al.,
2022; Just et al., 2016). The contribution of these winds is more severe for
long-lasting hyper-massive NS (Murguia-Berthier et al., 2014). Therefore
the final success of the jet is given by a trade-off between a not too high
baryon-pollution, which does not obstacles its forward propagation, and a
quite large density which ensures a self-sustained confinement and hence
collimation. Indeed, in the case of NS-BH mergers, where the dynamical
ejecta are mostly confined along the orbital plane, the collimation can be
hardly achieved, unless neutrino- and magnetic-driven winds are power-
ful enough (Nagakura et al., 2014).

EM signatures from the cocoon

As explained by Nakar and Piran, 2017a, the jet breakout produces two
cocoon components: 1) a shocked jet which expands sideways and 2) a
shocked envelope/ejecta at wider angles. Similar energies are deposited in
both components, but the shocked jet is more diluted, hence a higher en-
ergy/baryon would lead to a faster expansion. The shocked jet is expected
to produce a photospheric emission similar to a baryon-loaded fireball, but
less energetic and collimated with respect to the jet head. The expected
emission peaks in the γ-rays/X-rays, few seconds after the breakout. In
few hundreds seconds, the spectral peak moves from X-rays to UV. If the
inner cocoon component is also highly relativistic, an associated afterglow
emission can arise, whose brightness is a factor ∼ 10−2 dimmer than the
forward shock emission from the jet head. The shocked envelope/ejecta, as
well, is characterised by a quasi-thermal emission peaking when it reaches
the transparency radius, but the expansion is sub-relativistic. In case of
merger ejecta, the cocoon energy reflects the energy content of the jet, which
is typically less energetic than the jet in collapsar-driven GRBs. Though,
in CBMs a further source of energy coming from the radioactive decay of
heavy elements can heat up the cocoon material, influencing the overall dy-
namical and radiative evolution (Gottlieb et al., 2018d).
Thanks to the quasi-isotropic nature, the cocoon emission represents a
likely candidate EM emission from GRBs whose jet is observed off-axis.
If too off-axis, the γ-ray flash from the jet could be undetectable and only
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the late time afterglow emission would arise, defined in this case orphan af-
terglow (Nakar et al., 2002). Though, due to the limited Doppler boosting,
both cocoon breakout and orphan afterglows could be detected only in the
closer universe. Cocoon emission is also expected for chocked jets, which
are possibly connected to low-luminosity GRBs.
Cocoon shock breakout is also a viable explanation for the γ-ray flash ob-
served in GRB 170817A. Indeed, even if it was confirmed for this event the
presence of an ultra-relativistic jet, it is still unclear which process origi-
nated the initial γ-ray flash. Applying the compactness argument (Kasen
et al., 2017; Gottlieb et al., 2018b; Matsumoto et al., 2019), the observation
of a γ-ray flash requires an outflows which moves at a velocity which is at
least mildly relativistic. As demonstrated by Gottlieb et al., 2018b by the
use also of numerical simulations, the duration, luminosity, spectral peak
and hard-to-soft spectral evolution of GRB 170817 are perfectly compatible
with a cocoon shock breakout. Right after the breakout the emission is con-
fined to a very thin layer, therefore the emitted energy is a tiny fraction of
the total internal energy of the cocoon. This is in agreement with the sub-
luminous nature of GRB170817. At this stage the spectrum is non-thermal
and as soon as the cocoon evolves in the cooling phase, thermal equilib-
rium is reached and the spectrum is close to a single temperature black
body. During the cooling phase, the cocoon energy decreases mainly due
to adiabatic losses, which is translated into a gradual hard-to-soft spectral
transition (Nakar and Sari, 2012).
Thanks to its properties, the shock breakout associated to the jet cocoon
is a potential EM counterpart of CBMs in the high-energy domain. It is
worth to notice that, depending on the details of the jet propagation and
the post-merger ejecta, the delay between the GW detection and the detec-
tion of the γ-ray/X-ray emission from the cocoon may vary from fraction of
seconds up to several seconds, being the delay dependent also on the view-
ing angle. Moreover, an additional delay can be introduced if the remnant
is meta-stable NS and the jet is launched only when the BH is formed. All
these factors have to be taken into account when, in the future, we will need
to establish the significance of the association between a GW event and an
EM signal separated in time by a non-negligible amount.

Resulting structure from jet-cocoon interaction

The specific shape of the final jet structure depends on several factors, in-
cluding the initial conditions at the jet launch, the density profile of the
stellar enevelope/merger ejecta, microphysical parameters such as the jet
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magnetisation. The jet-cocoon interaction, in particular, has a major role
in determining the overall structure and relativistic hydrodynamical simu-
lations are necessary to fully describe this phase. The jet-cocoon interface
(Gottlieb et al., 2021) is subject to hydrodynamical instabilities, such as the
Rayleigh-Taylor and the Kelvin-Helmotz instabilities, which tend to mix
the two components. Such a mix is less severe in merger-driven GRBs, im-
plying a steep off-core structure and most of the jet energy stored in the
central core (Gottlieb et al., 2021); though, if the jet is magnetised, even
weakly, the jet-cocoon mixing is suppressed and less steep structure pro-
files are found (Gottlieb et al., 2020).
The most recent 3D hydrodynamical and magneto-hydrodynamical sim-
ulations show that both for collapsars (Gottlieb et al., 2022a; Urrutia et al.,
2022) and binary mergers (Nathanail et al., 2021; Gottlieb et al., 2022b; Lamb
et al., 2022a) the emerging jet has a narrow central core (few degrees) char-
acterised by a constant Lorentz factor, surrounded by steep wings (with a
typical profile slope k ≳ 3, where E(θ) ∝ θ−k). Urrutia et al., 2022 shows
that the jet structure at its birth is preserved if the jet life time (duration of
the ejection activity of the central engine) is longer than the breakout time.
In the opposite case, the jet looses memory of the initial structure, unless
it propagates in a very low-density medium. Jets launched after merger
events are strongly affected by anisotropies and inhomogenities of the sur-
rounding ejecta. In this regard, Pavan et al., 2021 (and Pavan et al., 2022 in-
cluding also the role of magnetic field) investigated the jet propagation and
the final 3D jet structure considering a realistic environment directly de-
rived by simulations of BNS mergers. These simulations show that the final
jet coming out from BNS merger could be tilted with respect to the normal
to the orbital plane and also deviating from the usual assumed cylindrical
symmetry. Additionally, Gottlieb et al., 2022a showed that initial instabili-
ties in the accretion disk can induce to a jet wobbling, namely a jet with an
axis precession. The interplay of all these processes make the prediction of
the jet structure challenging and it is not yet well established whether all
the GRBs can share a common jet structure, or the final outcome strongly
depends on the progenitor, on the initial condition or the properties of the
circum-burst medium.

The jet structure and the impact on prompt emission observables

In the top-hat limit, each patch of the jet moves with the same Lorentz factor
Γ. For an on-axis observer, the received radiation comes from a fraction
of the jet contained in a solid angle with aperture 1/Γ. Moreover, due to
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jet uniformity, any observable does not depend on the viewing angle θv,
provided that θv < θj − 1/Γ, where θj is the semi-aperture angle of the
jet. In the case of a structured jet, instead, radiation departing at an angle
θv from the jet axis is less beamed and less Doppler boosted. Therefore
for an off-axis observer, the presence of a jet structure has the following
consequences:

1. The isotropic energy (as well as the isotropic luminosity) depends on
the viewing angle. Following the approach of Salafia et al., 2015a,
each part of the jet subtended to the solid angle dΩ contributes to the
total energy as

dEiso

dΩ
=

D3 (θ, ϕ, θv)

Γ(θ)
dE
dΩ

(θ),

where D = [Γ(1− β cos α)]−1 is the Doppler factor and α the angle be-
tween the velocity vector of the jet patch and the line of sight. dE

dΩ (θ)
is the energy angular distribution and it implicitly takes into account
that a fraction ηγ of the jet energy is converted into radiation. In prin-
ciple also ηγ could be angle-dependent.

2. the overall prompt emission spectrum is the result of an integration
of the comoving emissivity along the jet surface. As a first approx-
imation, the emission from an off-axis observer is dominated by the
region of the jet along the line of sight, which has a Γ(θ = θv) < Γ(θ =
0). Therefore the spectrum is shifted at lower energies with respect to
an on-axis observer.

3. the shape of the prompt light curve has a less steep decay for off-axis
observers, hence possibly increasing the duration of the burst. This
would imply that a GRB could have a duration t90 < 2 s if viewed on-
axis, but it could be classified as faint long GRB if observed enough
off-axis.

If Eiso and peak energy decrease for off-axis observers, it is legitimate to
think that the jet structure is somehow connected with the Ep − Eiso corre-
lation, also known as Amati relation. This is indeed shown by Salafia et al.,
2015a for long GRBs, where the Amati relation is reproduced assuming a
quasi-universal Gaussian structure. In this scenario, the scatter of the Amati
relation is compatible with a narrow dispersion of the structure parameters
(E0, Γ0, θc). This model also predicts a population of sub-luminous GRBs
in the bottom left corner of the Amati relation, whose weakness is not in-
trinsic, but related to viewing angle effects. In addition, the typical spectral
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peak of this population would be shifted towards soft X-rays and therefore
their prompt emission would be undetectable by currently operating γ-ray
telescopes. Future wide field X-ray monitors, such as THESEUS (Amati et
al., 2021), Gamow (White et al., 2021), or Einstein Probe (Yuan et al., 2018),
would be ideal to detect this kind of objects.
Similarly, a quasi-universal jet structure can reproduce the Ep − Eiso correla-
tion for short GRBs (Salafia et al., 2019a), though the case of GRB 170817A is
slightly in tension with this scenario. This inconsistency can be attenuated
assuming that, in addition to a dynamical and energetic structure, there is
an angular dependence of microphysical parameters related to the conver-
sion efficiency ηγ, mentioned above. In the specific, the jet wings, being
less energetic, could be less efficient in accelerating particles and/or mag-
netic fields could be less intense. This would imply also different cooling
regimes as a function of the angular distance, hence leading to an angular-
dependent comoving spectral shape (Ioka and Nakamura, 2019).

3.3.1 Afterglow and high latitude emission from a struc-
tured jet

Once the jet breaks out, it continues its expansion in a much more di-
luted medium. As before, a cocoon is inflated on the lateral sides of the
jet, but now, in absence of a counter-balancing pressure, it freely expands.
The mutual interaction between the jet-cocoon system and the circum-burst
medium strongly defines the final structure of the jet. During the free ex-
pansion, or coasting phase, the jet releases its internal energy, through in-
ternal shocks or magnetic reconnections. Independently on the dissipation
mechanism, the jet structure influences the appearance of the prompt emis-
sion light curve, through the effect of high-latitude emission (HLE).
HLE is a direct consequence of the curved geometry of the jet emitting sur-
face. In the simple case of a top-hat jet aligned along the line of sight, pho-
tons departed from a region at ϑ > 0 arrive later with respect to photons
emitted at ϑ = 0 at the same time in the source frame. This implies that,
even if the prompt emission instantaneously stops at the same time in the
source frame, a tail appears in the observer frame light curves. The tem-
poral decay is expected to be rather steep, i.e. F(t) ∝ t−(2+β), assuming
that the spectrum follows Fν ∼ ν−β. Such prompt-tail, since high-latitude
photons are less boosted, peaks in the X-rays. In the case of a structured jet
(Oganesyan, 2020) observed on-axis, the contribution from off-core wings
induces a deviation from a simple steep decline, introducing a flattening of
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the light curve which starts as soon as the observer receives photons from
ϑ > ϑc. Therefore the beginning and duration of the shallow decay depends
on the jet geometrical and dynamical properties (e.g. radius, Γ, θc). De-
pending on the specific structure, the temporal decay slope can also reach
values close to zero, in which case the light curve would show a plateau
phase. X-ray plateaus are often observed in both long and short GRB light
curves, whose origin is still under debate. The presence of a structure in the
jet would easily explain this feature. When observed off-axis (Ascenzi et al.,
2020c), the prompt HLE from a structured jet is fainter, the initial decay is
less steep and tends to disappear for ϑv ≫ ϑc, while the spectrum peaks at
lower energies (∼ X-rays) at the moment of the light curve peak. Since the
HLE from a structure jet can last3 even 104 − 105 s, it can overlap with the
standard afterglow emission from the forward shock.
The afterglow emission from a structured jet has been investigated by sev-
eral works, through analytical, semi-analytical and numerical approaches
(Rossi et al., 2002b; Granot and Kumar, 2003; Kumar and Granot, 2003;
Lamb and Kobayashi, 2017a; Beniamini et al., 2020b; Lamb et al., 2021; Be-
niamini et al., 2022). For an observer located at a viewing angle θv, the
regions of the jet which mainly contribute to the observed flux are those
for which the beaming cone intersects the line of sight. This corresponds to
impose that

|θ − θv| < θb(θ), (3.3)

where θb(θ) is the semi-aperture angle of the beaming cone. In the simple
approximation of a uniform jet moving at ultra-relativistic velocity, θb ∼
1/Γ and therefore the observed emission is totally dominated by jet region
along the line of sight. In the case of a structured jet, the condition 3.3 could
be satisfied for multiple ranges of θ.
After internal dissipation, the jet structure is expected to be maintained, if
each portion follows an independent Blandford-McKee expansion. Only
once sound waves cross transversely the jet, lateral expansion occurs and
angular anisotropies start to be levelled out (Granot and Piran, 2012).

3the total duration of the HLE corresponds to t(ϑmax)− t(ϑ = 0), where t(ϑ) is the time
at which the observer receives photons from an angular distance ϑ. The maximum angle
ϑmax from which we can receive radiation depends on the condition τ(ϑ) < 1, where τ is
the opacity of the patch of the jet at angle ϑ (e.g, Matsumoto et al. 2019.)
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3.4 Cosmic evolution and luminosity function of
GRBs

In order to describe the statistical properties of GRBs as a population, the
knowledge of the intrinsic energy and redshift distribution is necessary.
The GRB cosmic rate density function is usually defined as:

ρ̇(z) =
dN

dtsdVc
,

namely as the number of sources per unit time (measured in the source
frame) and unit of comoving volume. This corresponds to the intrinsic rate
density of GRBs, while the observed one would correspond to:

ρ̇obs(z) =
ϵdet(z)
1 + z

dN
dtsdVc

, (3.4)

where ϵdet is the detection efficiency of a given instrument and it depends
on the luminosity distribution of the GRB population. This last is described
by the luminosity function

Φ(L, z) =
dN
dL

.

Using this definition, the luminosity should correspond to the bolometric
luminosity measured at the peak of the light curve. Usually the peak flux in
the rest-frame band E=(1-104) keV is a good proxy to derive the bolometric
luminosity. Since GRBs are distributed at cosmological distances, also the
k-correction4 needs to be taken into account. The luminosity is then related
to the observed flux Fobs as:

L = 4πk(z)D2
L(z)Fobs,

where k is the k-correction and DL the luminosity distance.
The functions ρ(z) and Φ(L, z) define the statistical properties of the GRB
population and its evolution across the cosmic history. The luminosity

4the k-correction transforms the observed flux in the energy band of the instrument into
the source-frame flux measured in the same energy band. Hence, the k-correction needs
the knowledge of the broad-band spectrum of the source
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function is usually modeled as a broken power law:

Φ (L, z) ∝

{
L−a1 if L ⩽ Lb

L−a2 if L > Lb
,

where Lb is the characteristic break luminosity. Since the luminosity func-
tion is a probability distribution, the normalisation is chosen in such a way
that

∫
Φ(L, z)dL = 1. Therefore the only three free parameters are a1, a2

and Lb, which in principle can evolve in redshift.
The cosmic rate density is strongly related to the GRB progenitor:

• For collapsar-driven GRBs, the rate is directly correlated to the star
formation rate (SFR), since the delay between the formation and death
of massive stars is negligible (∼ Myr). Moreover several studies (Gra-
ham and Fruchter, 2013; Vergani et al., 2015; Palmerio et al., 2019)
show that long GRBs prefer sub-solar metallicity environments, cor-
roborating the scenario according to which a lower metallicity en-
hances the rotation of WR-stars and hence the efficiency of the jet
launching mechanism. Due to the role of metallicity, GRBs do not
follow directly the SFR ρ̇∗(z) and this behavior can be synthetised in-
troducing a weighting function ξ(z), such that:

ρ̇(z) = ρ̇∗(z)ξ(z). (3.5)

The function ξ(z) implicitly contains also the information about the
fraction of collapsars which are able to launch a jet.

• For merger-driven GRBs, the delay between star formation and the
merger is typically non negligible. The most adopted approach con-
sists in defining a typical delay τ between the star formation time T∗
and the merger time Tmerger:

Tmerger = T∗ + τ.

Usually, a probability function is associated to τ, which is in the form:

P(τ) =

{
0 τ < τ0

∝ τ−n, τ > τ0
,
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with τ0 ∼ 10 Myr and n ∼ 1. Hence, the compact binary merger
(CBM) rate would be connected to the SFR as:

ρ̇CBM(z) =
∫ ∞

0
λ(t(z) + τ)ρ̇∗(t(z) + τ)P(τ)dτ, (3.6)

where λ(z) is the fraction of stars that give a binary coalescence. The
redshift dependence in λ is introduced since both stellar metallicity
and initial mass function can play a major role in determining which
fraction of stars gives a binary merger. Additionally, the metallicity
can also influence the typical delay τ, since a higher metallicity accel-
erates the orbital shrinking, in the so called common envelope phase
(e.g., Mapelli and Giacobbo, 2018). This implies that also P(τ) has
an implicit dependence on redshift. See Appendix A.1 for a detailed
derivation of formula 3.6. Finally the short GRB rate is a fraction of
ρ̇CBM(z), corresponding to those mergers that successfully launch a
jet.

Once the GRB cosmic rate and luminosity function are defined, the ac-
tual observed rate (in units of detections per unit time) would be given by
(e.g., Pescalli et al., 2016):

N(> S) = Adet

∫ z(Lmax,S)

0

ρ̇(z)
(1 + z)

dVc

dz

∫ Lmax

Llim(S,z)
Φ(L, z) dL dz, (3.7)

where S is the limiting flux (namely the detection threshold of the instru-
ment), Llim = 4πk(z)D2

L(z)S, dVc
dz is the differential comoving volume and

z (Lmax, S) is the largest reachable redshift, given S and the largest GRB lu-
minosity Lmax. The overall constant Adet depends on the field of view and
the duty cycle of the instrument5 and can be written as Adet = ϵDCϵ∆Ω. The
corresponding observed rate per unit volume can be computed as:

dN(> S)
dVc

= ρ̇det(z) = εDCε△Ω
ρ̇(z)
1 + z

∫ Lmax

Lmin (z)
Φ(L)dL.

Comparing this with eq. 3.4, the detection efficiency function would corre-
spond to:

ϵdet(z) = εDCε△Ω

∫ Lmax

Lmin (z)
Φ(L)dL.

5the duty factor is defined as the fraction of the time during which the instrument is
fully operative at 100% of its capabilities
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Implicitly eq. 3.7 contains also the information about the viewing angle. In
the rough approximation of a uniform jet with a semi-aperture angle θj,
the GRB could be detected up to a maximum viewing angle θmax ≳ θj.
Therefore L = 0 if the line of sight is outside the solid angle defined by
θv ∈ [0, θmax] and ϕ ∈ [0, 2π]. Using conditional probability, Φ(L) can be
expanded as:

Φ(L) =
∫ π/2

0
PL(L | ϑ)Pϑ(ϑ)dϑ,

where PL(L | ϑ) is the probability of observing a luminosity L, given a
viewing angle ϑ, and Pϑ(ϑ) is the probability distribution of θ. For a top-
hat jet:

PL(L | ϑ) =

{
δ(L = 0) , ϑ > ϑmax

φ(L) , ϑ < ϑmax
,

where with φ(L) we indicate the intrinsic 6 luminosity function, which is
angle independent and can be thought as the probability that a GRB jet
produce a luminosity in the interval [L, L + ∆L]. Therefore we would have:

Φ(L) = (1 − cos θmax ) φ(L) + cos θmax δ(L = 0).

Since Lmin (z) > 0, we can write:

εdet (z) = εDCε∆Ω (1 − cos θmax )
∫ Lmax

Lmin(z)
φ(L)dL.

This treatment can be extended to the case where θmax is not the same for all
the GRBs, but has some probability distribution with a mean value ⟨θmax⟩,
which in principle can evolve with z. In this case, an average detection
efficiency can be defined as:

⟨εdet ⟩ (z) = εDCε∆Ω [1 − cos(⟨θmax ⟩ (z))]
∫ Lmax

Lmin(z)
φ(L)dL.

Defining the average beaming factor ϵb(z) = [1 − cos(⟨θmax ⟩ (z))], eq. 3.7
can be written in terms of the intrinsic luminosity function φ(L):

N(> S) = εDCε∆Ω

∫ z(Lmax,S)

0
εb(z)

ρ̇(z)
(1 + z)

dVc

dz

∫ Lmax

Llim(S,z)
φ(L, z) dL dz.

6Alternatively, φ(L) can be interpreted as the luminosity function per unit solid angle.
Indeed, since Pϑ(ϑ)dϑ = dµ, where µ = cos(ϑ), we have 2π dΦ

dΩ = φ(L), for ϑ < ϑmax.
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In sec. 3.4 we will show how this approach can be extended relaxing the
assumption of a top-hat jet and working in the more realistic scenario of a
structured jet.
As evident from the last equation, both the cosmic rate and luminosity func-
tion of GRBs cannot be derived directly from observational data. The most
adopted method consists in assuming a parametric representation for these
two functions and finding the best set of parameters that reproduce the
observables. One of the most delicate points in this approach is the com-
pleteness of the GRB samples, since an incomplete sample can lead to bi-
ased estimation of the population properties. The incompleteness is mostly
related to the following points:

1. Instrumental effects. The detection probability decreases as the peak
flux of the source is close to the detection threshold, being determined
also on the specific trigger algorithm. This bias can be avoided con-
sidering a higher cut of the detection threshold.

2. Redshift determination. In order to perform population studies only
GRBs with measured redshift can be taken into account. Though,
the redshift determination depends on several factors, including the
brightness of the optical emission (which can be strongly absorbed by
the host galaxy) or the distance of the source.

Population models have the aim of reproducing the average properties of
GRBs, including the peak flux, duration, fluence, time-integrated spectral
properties, observed redshift distribution. Moreover, further information
can be exploited, such as the empirical Ep − Eiso correlation (e.g., Ghirlanda
and Salvaterra 2022).
For long GRBs, population studies converge to a luminosity function with
a1 ∼ 1, a2 ∼ 2.2 and log10(Lb/(erg/s)) ∼ 52 (Wanderman and Piran, 2010;
Salvaterra et al., 2012; Ghirlanda and Salvaterra, 2022). Past studies (e.g.,
Palmerio and Daigne 2021) concluded that it is not possible to distinguish
between a pure density evolution and a pure luminosity evolution. In a
pure density evolution scenario, the luminosity function does not depend
on redshift, while in a pure luminosity evolution scenario, the GRB cos-
mic rate is a fixed fraction of the SFR (i.e., in eq. 3.5 ξ(z) = const). On the
other hand, Ghirlanda and Salvaterra, 2022 showed that a mixed scenario
is strongly favoured. In the specific they find a GRB cosmic rate which has
the same redshift dependence of SFR rate, but peaking at higher z (∼ 2− 3),
and a luminosity function which mildly evolves with Lb ∝ (1 + z)0.6.
More uncertainties, instead, affect the luminosity function of short GRBs,
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mainly due to fact that they are less numerous than long ones and this can
enhance the issue of sample incompleteness. For instance, Ghirlanda et al.,
2016a find a luminosity function with a1 ∼ 0.5, a2 ∼ 3.4 and Lb ∼ 3 × 1052

erg s−1, while Wanderman and Piran, 2015 find a similar high-luminosity
slope, but a much steeper low-luminosity slope a1 ∼ 2. This has strong
impact on the predicted average luminosity, with ⟨L⟩ ∼ 1.5 × 1052 erg s−1

in the first study, ⟨L⟩ ∼ 4.5 × 1050 erg s−1 in the second one. Moreover, sig-
nificant differences are found regarding the redshift distribution, with the
second work finding a cosmic rate much more suppressed at z ≳ 1. Such
discrepancies can be ascribed to different working assumptions, such as
the adopted cut of the peak flux, internal correlation between physical pa-
rameters, samples from different instruments. The concepts and relations
described in this section will be used extensively in chapter 6.2, where we
need to define a detailed modelling of the short GRB population in terms
of energetic properties and redshift distribution.

The GRB luminosity function as a result of jet structure

A direct consequence of the jet structure is that GRBs observed off-axis ap-
pear less luminous. Therefore for an isotropic distribution of the jet axis
with respect to the line of sight, a luminosity distribution can be derived.
In the simple approximation of a universal jet structure S(ϑ) and a common
energy reservoir for all the GRBs, the inferred isotropic luminosity can be
written as a unique function of the viewing angle:

L = L0S(ϑ).

Following the derivation detailed in Appendix A.2, we have:

Φ(L) = sin ϑ(L) · 1
dL/dϑ

∣∣∣
ϑ(L)

.

In the specific case of Gaussian and power law profiles (Rossi et al., 2002b;
Zhang and Mészáros, 2002):

Φ(L) ∝

{
L−1 , S(ϑ) ∝ e−(ϑ/ϑc)

2

L−1−2/k , S(ϑ) ∝ (ϑ/ϑc)
−k ,

valid in the limit ϑ ∼ ϑc, i.e. L ∼ L0, while Φ(L) tends to shallower slopes
for L ≪ L0. Though, as pointed out by Salafia and Ghirlanda, 2022, for
L ≪ L0 the source is observed very off-axis and therefore the observational
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properties, such as duration and spectral peak, can substantially deviate
from the ones of an on-axis GRB, possibly inducing a mis-classification of
the source. The derivation can be extended in the case of quasi-universal
jet structure, introducing a small scatter in L0 (see Appendix A.2).
Several investigations have been carried out to test if a quasi-universal jet
structure can account for the luminosity function inferred from population
studies. Regarding long GRBs, Pescalli et al., 2015 concluded that a top-
hat geometry with a universal jet aperture angle is excluded, since it would
predict a flat low-luminosity distribution. On the other hand, both the fol-
lowing scenarios are compatible with data: 1) A top-hat jet with a con-
stant energy reservoir ϑ2

j Eiso; 2) a universal structured jet, with a jet core
energy following a log-normal distribution centred around 6× 1052 erg and
a ϑc ∼ 5◦. In particular, in the structured jet case, the agreement is found
for power law profiles, provided that k > 4. Also in the case of short GRBs,
a quasi-universal jet structure is able to reproduce the luminosity function
(Salafia et al., 2020a), but too shallow profiles (k < 2) are excluded because
they would overestimate the local rate of short GRB inferred from the de-
tection of GW170817.
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Chapter 4

The origin of the X-ray steep decay

The final phases of prompt emission are usually characterised by a steep decline
visible in X-rays. In order to understand the X-ray steep decay phase in connec-
tion with the nature of the GRB prompt emission I performed a systematic analysis
of the temporal and spectral properties during this phase. This chapter describes
in details this analysis for a sample of GRBs and reports the discovery of a unique
relation between the X-ray photon index and the flux. This relation is incompat-
ible with the long standing scenario which invokes the delayed arrival of photons
from high-latitude parts of the jet. Comparing different scenarios we found that the
adiabatic cooling of the emitting particles is the most plausible explanation for the
discovered relation, suggesting a proton-synchrotron origin of the GRB emission.
This work has been published in Ronchini et al., 2021. I conclude the chapter by
evaluating the future prospects of observations of the X-ray steep decay by instru-
ments such as the mission concept THESEUS and the importance of this emission
phase in the multi-messenger context.
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In order to model and interpret the temporal and spectral evolution ob-
served during the steep decay it is necessary to consider the geometry of
the jet surface. If the emitting region is curved, photons that depart si-
multaneously in the source frame arrive at different times to the observer.
The delayed arrival of photons departing from the external regions of the
jet is known as High Latitude Emission (HLE) (Fenimore et al., 1996; Ku-
mar and Panaitescu, 2000; Liang et al., 2006). In the standard picture of
HLE, since the emitting surface of the jet is curved, an on-axis observer first
receives photons from the line of sight and later photons from higher lati-
tudes which are less Doppler boosted. This combination of effects produces
at the same time a steep flux decline and a spectral softening. Therefore, it
has been considered the most accepted scenario for the interpretation of the
X-ray steep decay. Since the X-ray steep decay is tightly connected to the
final phases of prompt emission, we will refer to it also as X-ray tail.
Under the assumption of a single power-law spectrum (Fν ∝ ν−β), the HLE
predicts that the flux decays as Fν(t) ∝ ν−βt−(β+2). On the other hand, if the
spectrum is curved, the HLE can also lead to the transition of the spectral
peak across the observing band (Lin, 2017), causing a spectral evolution, as
often observed in the soft X-rays (Zhang et al., 2007; Mangano and Sbar-
ufatti, 2011). Generally, if the intrinsic spectral shape does not change in
time, the flux density in a given band would be:

Fν(t) = Fp(t)Sν(ν/νp(t)),

where Fp(t) is the spectral normalisation, Sν the time independent spec-
tral shape and νp(t) the spectral peak. The work of Zhang et al., 2007 sys-
tematically analyses and models the spectral evolution during the steep
decay of 44 GRBs. A good agreement with data is found adopting a phe-
nomenological model which parametrizes the peak flux and the spectral
peak as Fp(t) ∝ t−α1 and νp(t) ∝ t−α2 . In the case of HLE, νp(t) ∝ t−1

and Fp(t) ∝ t−2 ∝ ν2
p, while in this work the best fit is found for a quite

wide range of α1 ∼ 0.5 − 4, whose distribution is peaked around 2, while
α2 ∼ 1.5. Therefore, even if HLE could explain some of the analysed cases,
it is not clear if it is the dominant process at the basis of the spectral evolu-
tion. Few other works tried to test the validity of HLE performing a simul-
taneous fit of the temporal and spectral evolution of the X-ray steep decay
(e,g., Qin 2008; Zhang et al. 2009). Therefore, a systematic analysis of this
feature for a complete sample of GRBs is mandatory to ultimately verify
the validity of the HLE model.
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Simultaneously to the flux density, the local spectral slope can be mea-
sured in a narrow band centred around ν, corresponding to β(t) = ∂ log Fν(t)

∂ log ν .
Therefore for each time t the flux density and the spectral slope can be re-
lated to each other, eliminating the dependence on time. Moreover, if the
flux is normalised to the flux at the moment of the steep decay peak, the
spectral slope-flux relation has the advantage of being 1) time independent
and 2) redshift independent. Therefore, if a universal process at the ori-
gin of the steep decay exists such that a unique Fp(νp) relation holds, then
the observed spectral slope-flux relation should be unique1. The aim of
my work detailed in this chapter is indeed to test whether such a unique
relation exits and to investigate its physical origin.

4.1 Sample selection and data analysis

In order to investigate the spectral evolution during the steep decay phase,
we select a sample of GRBs from the archive of the Swift/XRT telescope. We
restrict our study to a sample of GRBs whose brightest pulse in the Burst
Alert Telescope (BAT, 15 − 350 keV) corresponds to the XRT peak preced-
ing the X-ray tail (see as example the Fig. 4.1a). The steep decay is selected
imposing that the light curve is well approximated by a power law, F ∝ t−α

with α > 3. Such criterion allows us to exclude a decay coming from a
forward shock (Paczynski and Rhoads, 1993; Mészáros and Rees, 1997; Sari
et al., 1998a). In order to determine the presence of a steep decay (SD), we
analyze the light curve of the integrated flux in the XRT E = 0.3 − 10 keV
band.
From the Swift catalogue (Evans, 2009) as of the end of 2019, we selected
all GRBs with an XRT peak flux FXRT

p > 10−8 erg cm−2s−1. We selected
the brightest pulses in order to have a good enough spectral quality as to
perform a time resolved spectral analysis. The peak flux is computed tak-
ing the maximum of F(ti), where F(ti) are the points of the light curve at
each time ti. Among these GRBs, we selected our sample 1 according to the
following criteria:

1. The XRT light curve shows at least one SD segment that is clean, i.e.
without secondary peaks or relevant fluctuations.

1This statement is valid only if the observed spectral slope at the peak of the steep decay
is common for all the analysed cases.
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2. If we call F1 and F2 the fluxes at the beginning and at the end of the SD,
respectively, we require that F1

F2
> 10. This requirement is necessary to

have a sufficient number of temporal bins inside the SD segment and
therefore a well sampled spectral evolution.

3. The beginning of the SD phase corresponds to a peak in the XRT light
curve, such that we have a reliable reference for the initial time. We
stress that the identification of the SD starting time in XRT is limited
by the observational window of the instrument. This means that, if
the XRT light curve starts directly with a SD phase, with no evidence
of a peak, the initial reference time is possibly located before and its
value cannot be directly derived.

4. The XRT peak before the SD has a counterpart in BAT, whose peak is
the brightest since the trigger time. This requirement is necessary to
ensure that XRT is looking at a prompt emission episode, whose typi-
cal peak energy is above 100 keV. In a quantitative way, we define two
times, tp and tstop

90 , where the first indicates the beginning of the peak
that generates the SD, while the second is the end time of T90 (Lien,
2016), with respect to the trigger time. We require tstop

90 > tp in or-
der to have an overlap between the last prompt pulses (monitored by
BAT) and the XRT peak that precedes the SD phase. Namely, such re-
quirement ensures that a considerable fraction of the energy released
by the burst goes into the pulse that generates the X-ray tail.

It is possible that more than one peak is present in the XRT light curve, each
with a following SD. In this case we consider only the SD after the brightest
peak. If two peaks have a similar flux, we consider the SD with the larger
value of F1

F2
.

We define then a second sample of GRBs (sample 2) that satisfy the first two
points listed before, but have a SD at the beginning of the XRT light curve,
namely no initial peak preceding the SD is present. In addition, we require
that a BAT pulse precedes the XRT SD and is the brightest since the trigger
time. The BAT pulse enables us to constrain the starting time of the SD. The
selection criteria limit the size of our sample, but they are unavoidable to
perform a well targeted analysis of X-ray tails and to achieve robust con-
clusions about their origin. The first sample consists of 8 GRBs, as well as
the second sample, for a total of 16 GRBs considered in our analysis.
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4.1.1 Time resolved spectral analysis

For each GRB we divided the XRT light curve in several time bins, which
are chosen according to the following criteria:

1. Each bin contains only data in Windowed Timing (WT) mode or in
Photon Counting (PC) mode, since mixed WT+PC data cannot be
analysed as a single spectrum.

2. Each bin contains a total number of counts Nbin in the E = 0.3 − 10
keV band larger than a certain threshold N0, which is chosen case by
case according to the brightness of the source (see below). The defi-
nition of the time bins is obtained by an iterative process, i.e. starting
from the first point of the light curve we keep including subsequent
points until

Nbin =

t f

∑
tn=ti

N(tn) > N0, (4.1)

where N(tn) are the counts associated to each point of the light curve,
while ti and t f define the starting and ending time of the bin. Then
the process is repeated for the next bins, until t f is equal to the XRT
ending time. Due to the large range of count rates covered during a
typical XRT light curve, the choice of only one value for N0 would
create an assembly of short bins at the beginning and too long bins to-
ward the end. Therefore we use one value of N0 for bins in WT mode
(NWT

0 ) and a smaller value of N0 for bins in PC mode (NPC
0 ). In our

sample, the SD is usually observed in WT mode, therefore we adjust
NWT

0 in order to have at least 4-5 bins inside the SD. A typical value
of NWT

0 is around 1500-3000, while NPC
0 is around 500-1000. Using

these values, we verified that the relative errors of photon index and
normalization resulting from spectral analysis are below ∼ 30%.

3. For each couple (Ni, Nj) of points inside the bin, the following relation
must hold: ∣∣Ni − Nj

∣∣
√

σ2
i + σ2

j

< 5, (4.2)

where σi and σj are the associated errors. Such requirement avoids
large flux variations within the bin itself.

4. The duration of the bin is larger than 5 seconds, in order to avoid
pileup in the automatically produced XRT spectra.
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It is possible that condition 3 is satisfied only for a duration of the bin
Tbin < T0, while condition 2 is satisfied for Tbin > T∗

0 , but T∗
0 > T0, meaning

that they cannot be satisfied at the same time. In this case, we give priority
to condition 3, provided that Nbin is not much smaller than N0. Due to the
iterative process that defines the duration of the bins, it is possible that the
last points in WT and PC mode are grouped in a single bin with a too small
Nbin, giving a too noisy spectrum. Therefore, they are excluded from the
spectral analysis.
The spectrum of each bin is obtained using the automatic online tool pro-
vided by Swift for spectral analysis. Each spectrum is analyzed using
XSPEC (Arnaud, 1996), version 12.10.1, and the Python interface PyXspec.
We discard all photons with energy E < 0.5 keV and E > 10 keV. The
spectra are modeled with an absorbed power law and for the absorp-
tion we adopted the Tuebingen-Boulder model (Wilms et al., 2000). If
the GRB redshift is known, we use two distinct absorbers, one Galactic
(Kalberla et al., 2005) and one relative to the host galaxy (the XSPEC syn-
tax is tbabs*ztbabs*po). The column density NH of the second absorber is
estimated through the spectral analysis, as explained below. On the other
hand, if the GRB redshift is unknown, we model the absorption as a single
component located at redshift z=0 (the XSPEC syntax is tbabs*po) and also
in this case the value of NH is derived from spectral analysis.
For the estimation of the host NH we consider only the late part of the XRT
light curve following the SD phase. At late time with respect to the trigger
we do not expect strong spectral evolution, as verified in several works in
the literature (Butler and Kocevski, 2007; Mu, 2016). Therefore, for each
GRB, the spectrum of each bin after the SD is fitted adopting the same NH
which is left free during the fit. Normalization and photon index are also
left free, but they have different values for each spectrum. We call Nlate

H the
value of NH obtained with this procedure. In principle the burst can affect
the ionization state of the surrounding medium, but we assume that such
effects are negligible and NH does not change dramatically across the dura-
tion of the burst (Perna and Lazzati, 2002). Hence we analyzed separately
all the spectra of the SD using a unique value of NH = Nlate

H , which is fixed
during the fit. Normalization and photon index, instead, are left free.
An alternative method for the derivation of NH is the fitting of all the spec-
tra simultaneously imposing a unique value of NH that is left free. On the
other hand, since NH and photon index are correlated, an intrinsic spectral
evolution can induce an incorrect estimation of NH. For the same reason
we do not fit the spectra adopting a free NH, since we would obtain an evo-
lution of photon index strongly affected by the degeneracy with NH. In this
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FIGURE 4.1: The steep decay phase and the correspondent spectral evolution for
sample 1. Panel (a) shows an example of a light curve of an X-ray tail selected
from our sample, taken from the GRB 161117A. We show on the same plot the
XRT (orange) and the BAT (blue) flux density at 1 keV and 50 keV, respectively.
In panel (b) we report the spectral evolution of the X-ray tail for all the GRBs in
the first sample (shown with different colors). The photon index α is represented
as a function of the reciprocal of the normalized flux Fmax/F.

regard, we tested how our results about spectral evolution depend on the
choice of NH. On average we found that the fits of the SD spectra remain
good (stat/dof ≲ 1) for a variation of NH of about 50%. As a consequence,
the photon index derived by the fit would change at most of 30%. Therefore
the error bars reported in all the plots are possibly mildly under-estimated,
but even considering a systematic error that corresponds to ∼ 30% of the
value itself would not undermine the solidity of the results.

4.1.2 The α − F relation

For each temporal bin, we extract the 0.5 − 10 keV un-absorbed flux F and
the photon index α. We represent the spectral evolution during the steep
decay plotting α as a function of the flux F, normalized to the peak value
of the X-ray tail. Hereafter refer to it as the α − F relation. This normaliza-
tion to the peak value of the X-ray tail makes the result independent of the
intrinsic brightness of the pulse and of the distance of the GRB. In the case
of sample 2, the peak flux at the beginning of the steep decay is extracted
as follows. We consider the peak time TBAT

p of the BAT pulse that precedes
the SD. In the assumption that the SD starts at TBAT

p , we can derive Fmax
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Fmax
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FIGURE 4.2: The steep decay phase and the correspondent spectral evolution for
the extended sample (sample 1+sample 2). Panel (a) shows an example of a light
curve of an X-ray tail selected for our extended sample, taken from GRB 150323A.
We report on the same plot the XRT (orange) and the BAT (blue) flux density at
1 keV and 50 keV, respectively. The peak flux Fmax is estimated extrapolating the
X-ray tail back to the BAT peak. Panel (b) shows the spectral evolution of the
extended sample of GRBs

using the following procedure. We consider the 0.5 − 10 keV flux F(ti) for
each bin time ti in the SD, derived from spectral analysis. Then we fit these
points with a power law

F(ti) = Fmax

( ti

t0

)−s
, (4.3)

with s > 0 and imposing that t0 = TBAT
p . Finally we derive the best fit value

of Fmax with the associated 1σ error. The error of Fmax has a contribution
coming from the error associated to s and another associated to t0, as well as
from the assumption of a power law as fitting function. The value of TBAT

p
is obtained fitting the BAT pulse with a Gaussian profile. Since usually
the BAT pulse can have multiple sub-peaks and taking also into account
possible lags between XRT and BAT peaks, we adopt a conservative error
associated to TBAT

p equal to 5 seconds. We find that both sample 1 and sample
2 follow a unique α − F relation, as shown in Fig. 4.1b and 4.2. This is
consistent with a systematic softening of the spectrum. For sample 1 (sample
2) the photon index evolves from a value of α ∼ 0.5− 1 (1− 1.5) at the peak
of the XRT pulse to α ∼ 2− 2.5 (2.5− 3) at the end of the tail emission, while
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Fmax
<latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit>

t1
<latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit>

t2
<latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit>

t3
<latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit>

XRT Band

<latexit sha1_base64="pvlZ7Fo1KKnCIU4sOz8bXNBRZ9M=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2FXFD0GBfEYwTwgWZbeSScOmX040yuEJQe/wquevIlXP8WD/+JuzEGjdSqquunq8mMlDdn2h1VYWFxaXimultbWNza3yts7LRMlWmBTRCrSHR8MKhlikyQp7MQaIfAVtv3RRe6371EbGYU3NI7RDWAYyoEUQJnkXnppjDCaVMlzDr1yxa7ZU/C/xJmRCpuh4ZU/e/1IJAGGJBQY03XsmNwUNEmhcFLqJQZjECMYYjejIQRo3HQaesIPEgMU8Rg1l4pPRfy5kUJgzDjws8kA6NbMe7n4n9dNaHDmpjKME8JQ5IdIKpweMkLLrA3kfamRCPLkyGXIBWggQi05CJGJSVZPKevDmf/+L2kd1ZyTmn19XKmfz5opsj22z6rMYaeszq5YgzWZYHfskT2xZ+vBerFerbfv0YI129llv2C9fwHH6JYY</latexit>

Fpeak(t1)

<latexit sha1_base64="QS+cA82nZ2ze6MwICvMJNNH8vzw=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2E3KHoMCuIxgnlAsoTeSScOmX040yuEJQe/wquevIlXP8WD/+JuzEET61RUddPV5UVKGrLtTyu3tLyyupZfL2xsbm3vFHf3miaMtcCGCFWo2x4YVDLABklS2I40gu8pbHmjy8xvPaA2MgxuaRyh68MwkAMpgFLJveolEcJoUqZe9bhXLNkVewq+SJwZKbEZ6r3iV7cfitjHgIQCYzqOHZGbgCYpFE4K3dhgBGIEQ+ykNAAfjZtMQ0/4UWyAQh6h5lLxqYi/NxLwjRn7XjrpA92ZeS8T//M6MQ3O3UQGUUwYiOwQSYXTQ0ZombaBvC81EkGWHLkMuAANRKglByFSMU7rKaR9OPPfL5JmteKcVuybk1LtYtZMnh2wQ1ZmDjtjNXbN6qzBBLtnT+yZvViP1qv1Zr3/jOas2c4++wPr4xvJeJYZ</latexit>

Fpeak(t2)

<latexit sha1_base64="IBg9vaznf3BCUfDkba/R1eTPU34=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2HXB3oMCuIxgnlAsoTeSScOmX040yuEJQe/wquevIlXP8WD/+JuzEET61RUddPV5UVKGrLtTyu3sLi0vJJfLaytb2xuFbd3GiaMtcC6CFWoWx4YVDLAOklS2Io0gu8pbHrDy8xvPqA2MgxuaRSh68MgkH0pgFLJveomEcJwXKbu8WG3WLIr9gR8njhTUmJT1LrFr04vFLGPAQkFxrQdOyI3AU1SKBwXOrHBCMQQBthOaQA+GjeZhB7zg9gAhTxCzaXiExF/byTgGzPyvXTSB7ozs14m/ue1Y+qfu4kMopgwENkhkgonh4zQMm0DeU9qJIIsOXIZcAEaiFBLDkKkYpzWU0j7cGa/nyeNo4pzWrFvTkrVi2kzebbH9lmZOeyMVdk1q7E6E+yePbFn9mI9Wq/Wm/X+M5qzpju77A+sj2/LCJYa</latexit>

Fpeak(t3)
<latexit sha1_base64="tmjUxUngAoMcv0UD3+IRn2aH+do=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRCMoIGsogkYeUWNH5sgmn3J2tuzUisiK+ghYqOkTLt1DwL9jGBSRMNZrZ1c5OEElh0XU/ndLS8srqWnm9srG5tb1T3d1r2zA2HFo8lKHpBsyCFBpaKFBCNzLAVCChE0yuMr9zD8aKUN/iNAJfsbEWI8EZplKvj/CACQoFs0G15tbdHHSReAWpkQLNQfWrPwx5rEAjl8zanudG6CfMoOASZpV+bCFifMLG0EupZgqsn+SRZ/QotgxDGoGhQtJchN8bCVPWTlWQTiqGd3bey8T/vF6Mows/ETqKETTPDqGQkB+y3Ii0C6BDYQCRZcmBCk05MwwRjKCM81SM03IqaR/e/PeLpH1S987q7s1prXFZNFMmB+SQHBOPnJMGuSZN0iKchOSJPJMX59F5dd6c95/RklPs7JM/cD6+Aco4ljk=</latexit>

time

<latexit sha1_base64="ns8LaX8h2zM9h8ORDc7P4ZLgN2Y=">AAAB/3icbVA9SwNBEN2LXzF+RS1tFoNgFe5E0TIogmUE8wHJEeY2k7hkb+/cnRPDkcJfYauVndj6Uyz8L15iCk181eO9GebNC2IlLbnup5NbWFxaXsmvFtbWNza3its7dRslRmBNRCoyzQAsKqmxRpIUNmODEAYKG8HgYuw37tFYGekbGsboh9DXsicFUCb5bcIHSi81mv5w1CmW3LI7AZ8n3pSU2BTVTvGr3Y1EEqImocDalufG5KdgSAqFo0I7sRiDGEAfWxnVEKL100noET9ILFDEYzRcKj4R8fdGCqG1wzDIJkOgWzvrjcX/vFZCvTM/lTpOCLUYHyKpcHLICiOzNpB3pUEiGCdHLjUXYIAIjeQgRCYmWT2FrA9v9vt5Uj8qeydl9/q4VDmfNpNne2yfHTKPnbIKu2JVVmOC3bEn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDUC2lwg=</latexit>

Energy

<latexit sha1_base64="g3NgbeSPE4fyo85OJVnrfrbJTHk=">AAACAHicbVC7SgNBFJ2NrxhfUUubwSDEJuyKomVQIpYRzAOSNcxObuKQ2Qczd4WwpPErbLWyE1v/xMJ/cXbdQqOnOpxzL+fe40VSaLTtD6uwsLi0vFJcLa2tb2xulbd32jqMFYcWD2Wouh7TIEUALRQooRspYL4noeNNLlK/cw9KizC4wWkErs/GgRgJztBIt40+Ch80vRw0qo3DQbli1+wM9C9xclIhOZqD8md/GPLYhwC5ZFr3HDtCN2EKBZcwK/VjDRHjEzaGnqEBM1lukl09owexZhjSCBQVkmYi/NxImK/11PfMpM/wTs97qfif14txdOYmIohihICnQSgkZEGaK2HqADoUChBZejlQEVDOFEMEJSjj3Iix6adk+nDmv/9L2kc156RmXx9X6ud5M0WyR/ZJlTjklNTJFWmSFuFEkUfyRJ6tB+vFerXevkcLVr6zS37Bev8CpF6V8g==</latexit>

E ⇥ FE(E)

<latexit sha1_base64="iQvNz42vaDVovf5VMhHuP6fsJN4=">AAACGnicbVC7TsNAEDyHVwivACXNiQgEBZGNQFBGIBAlSASQkhCtj01yyvmhuzVSZPkP+AS+ghYqOkRLQ8G/cDEpeE01O7Or3R0/VtKQ6747hbHxicmp4nRpZnZufqG8uHRhokQLrItIRfrKB4NKhlgnSQqvYo0Q+Aov/f7h0L+8RW1kFJ7TIMZWAN1QdqQAslK7vH7cTo+yDdrkTSMDbis3r46uU2+rCSrugS2zdrniVt0c/C/xRqTCRjhtlz+aN5FIAgxJKDCm4bkxtVLQJIXCrNRMDMYg+tDFhqUhBGhaaf5PxtcSAxTxGDWXiucifp9IITBmEPi2MwDqmd/eUPzPayTU2W+lMowTwlAMF5FUmC8yQksbFPIbqZEIhpcjlyEXoIEIteQghBUTm1zJ5uH9/v4vudiuertV92ynUjsYJVNkK2yVbTCP7bEaO2GnrM4Eu2MP7JE9OffOs/PivH61FpzRzDL7AeftE8+Knw4=</latexit>

FE(t) ⇠ F0(t)E
1�↵(t)

<latexit sha1_base64="is51ZwwBjqFtd6N3a93KwYyzeNU=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBAUJOyKosegIB4jmChkQ+idtDo4O7vO9CphyTf4CX6FVz15E6/iwX9xN67gq05FVTfdVUGspCXXfXNGRsfGJyZLU+Xpmdm5+crCYstGiRHYFJGKzGkAFpXU2CRJCk9jgxAGCk+Cy/3cP7lGY2Wkj6kfYyeEcy3PpADKpG5l/aCbugPuWwRjohtOG9y/SqDHfVDxBXBffxndStWtuUPwv8QrSJUVaHQr734vEkmImoQCa9ueG1MnBUNSKByU/cRiDOISzrGdUQ0h2k46jDTgq4kFiniMhkvFhyJ+30ghtLYfBtlkCHRhf3u5+J/XTuhst5NKHSeEWuSHSCocHrLCyKwr5D1pkAjyz5FLzQUYIEIjOQiRiUlWXjnrw/ud/i9pbda87Zp7tFWt7xXNlNgyW2FrzGM7rM4OWYM1mWC37J49sEfnznlynp2Xz9ERp9hZYj/gvH4AOrahkQ==</latexit>

F0 & t, ↵ % t

t1
<latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit>

t2
<latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit>

t3
<latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit>

<latexit sha1_base64="zd7I9DsjCTeleNfnh5LQ2ObeA1M=">AAAB+nicbVDLSsNAFJ3UV62vqks3g0Wom5KIosuiCC4r2Ae0IUymt3XoJBlmboQS+xNudeVO3PozLvwXk5iFtp7V4Zx7ueceX0lh0LY/rdLS8srqWnm9srG5tb1T3d3rmCjWHNo8kpHu+cyAFCG0UaCEntLAAl9C159cZX73AbQRUXiHUwVuwMahGAnOMJV6156qo+cce9Wa3bBz0EXiFKRGCrS86tdgGPE4gBC5ZMb0HVuhmzCNgkuYVQaxAcX4hI2hn9KQBWDcJM87o0exYRhRBZoKSXMRfm8kLDBmGvjpZMDw3sx7mfif149xdOEmIlQxQsizQygk5IcM1yItAuhQaEBkWXKgIqScaYYIWlDGeSrGaTOVtA9n/vtF0jlpOGcN+/a01rwsmimTA3JI6sQh56RJbkiLtAknkjyRZ/JiPVqv1pv1/jNasoqdffIH1sc3mqGTvA==</latexit>

Ep(t1)
<latexit sha1_base64="LOJQKFunUma8FE1xfntlt0vayF4=">AAAB+nicbVDLSsNAFJ34rPVVdelmsAh1U5Ki6LIogssK9gFtCJPpbR06mYSZG6HE/oRbXbkTt/6MC//FJGahrWd1OOde7rnHj6QwaNuf1tLyyuraemmjvLm1vbNb2dvvmDDWHNo8lKHu+cyAFAraKFBCL9LAAl9C159cZX73AbQRobrDaQRuwMZKjARnmEq9ay+qodc48SpVu27noIvEKUiVFGh5la/BMORxAAq5ZMb0HTtCN2EaBZcwKw9iAxHjEzaGfkoVC8C4SZ53Ro9jwzCkEWgqJM1F+L2RsMCYaeCnkwHDezPvZeJ/Xj/G0YWbCBXFCIpnh1BIyA8ZrkVaBNCh0IDIsuRAhaKcaYYIWlDGeSrGaTPltA9n/vtF0mnUnbO6fXtabV4WzZTIITkiNeKQc9IkN6RF2oQTSZ7IM3mxHq1X6816/xldsoqdA/IH1sc3nDGTvQ==</latexit>

Ep(t2)
<latexit sha1_base64="KN5i2dHWboLTBez/rxJWANxe7uY=">AAAB+nicbVC7TsNAEDyHVwivACXNiQgpNJHNQ1BGICTKIJGHlFjW+bIJp5zP1t0aKTL5CVqo6BAtP0PBv2AbFxCYajSzq50dP5LCoG1/WKWFxaXllfJqZW19Y3Orur3TMWGsObR5KEPd85kBKRS0UaCEXqSBBb6Erj+5zPzuPWgjQnWL0wjcgI2VGAnOMJV6V15UR+/40KvW7Iadg/4lTkFqpEDLq34OhiGPA1DIJTOm79gRugnTKLiEWWUQG4gYn7Ax9FOqWADGTfK8M3oQG4YhjUBTIWkuws+NhAXGTAM/nQwY3pl5LxP/8/oxjs7dRKgoRlA8O4RCQn7IcC3SIoAOhQZEliUHKhTlTDNE0IIyzlMxTpuppH0489//JZ2jhnPasG9Oas2Lopky2SP7pE4cckaa5Jq0SJtwIskjeSLP1oP1Yr1ab9+jJavY2SW/YL1/AZ3Bk74=</latexit>

Ep(t3)

a

b

(a)

Flux
<latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit><latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit><latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit><latexit sha1_base64="mM5XS+RPV8kuX+BvWHdGoai2drg=">AAAB/XicbVDLSsNAFJ34rPVVdelmsAiuSiKCLouCuKxgH9CGMpne1qGTSZi5Iy2h+BVudeVO3PotLvwXk5iFtp7V4Zx7ueeeIJbCoOt+OkvLK6tr66WN8ubW9s5uZW+/ZSKrOTR5JCPdCZgBKRQ0UaCETqyBhYGEdjC+yvz2A2gjInWH0xj8kI2UGArOMJW6PYQJJtfSTmb9StWtuTnoIvEKUiUFGv3KV28QcRuCQi6ZMV3PjdFPmEbBJczKPWsgZnzMRtBNqWIhGD/JI8/osTUMIxqDpkLSXITfGwkLjZmGQToZMrw3814m/ud1LQ4v/ESo2CIonh1CISE/ZLgWaRdAB0IDIsuSAxWKcqYZImhBGeepaNNyymkf3vz3i6R1WvPcmnd7Vq1fFs2UyCE5IifEI+ekTm5IgzQJJxF5Is/kxXl0Xp035/1ndMkpdg7IHzgf369qliU=</latexit>

Time
<latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit><latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit><latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit><latexit sha1_base64="x6DVpOxs6zJPvpAgPN5ONQKHB9w=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRByktyrOh82YRT7s7W3RoRWRFfQQsVHaLlWyj4FxzjAhKmGs3samcnjKWw6LqfTmlldW19o7xZ2dre2d2r7h90bJQYDm0eycj0QmZBCg1tFCihFxtgKpTQDSfXc797D8aKSLdwGkOg2FiLkeAMM8nvIzxg2hIKZoNqza27Oegy8QpSIwWag+pXfxjxRIFGLpm1vufGGKTMoOASZpV+YiFmfMLG4GdUMwU2SPPIM3qSWIYRjcFQIWkuwu+NlClrpyrMJhXDO7vozcX/PD/B0WWQCh0nCJrPD6GQkB+y3IisC6BDYQCRzZMDFZpyZhgiGEEZ55mYZOVUsj68xe+XSees7rl17/a81rgqmimTI3JMTolHLkiD3JAmaRNOIvJEnsmL8+i8Om/O+89oySl2DskfOB/floaWFQ==</latexit>

Fmax
<latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit><latexit sha1_base64="/kgeUJQ4PTvoVqZ7MIukuCRHZkQ=">AAAB+XicbVBNS8NAEN34WetX1aOXxSJ4KokIeiwK4rGC/YC2lMl2WpduNmF3IpbQH+FVT97Eq7/Gg//FJOagre/0eG+GefP8SElLrvvpLC2vrK6tlzbKm1vbO7uVvf2WDWMjsClCFZqODxaV1NgkSQo7kUEIfIVtf3KV+e0HNFaG+o6mEfYDGGs5kgIoldrXgySAx9mgUnVrbg6+SLyCVFmBxqDy1RuGIg5Qk1BgbddzI+onYEgKhbNyL7YYgZjAGLsp1RCg7Sd53Bk/ji1QyCM0XCqei/h7I4HA2mngp5MB0L2d9zLxP68b0+iin0gdxYRaZIdIKswPWWFk2gPyoTRIBFly5FJzAQaI0EgOQqRinBZTTvvw5r9fJK3TmufWvNuzav2yaKbEDtkRO2EeO2d1dsMarMkEm7An9sxenMR5dd6c95/RJafYOWB/4Hx8AzE9lCg=</latexit>

t1
<latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit>

t2
<latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit>

t3
<latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit>

XRT Band

<latexit sha1_base64="pvlZ7Fo1KKnCIU4sOz8bXNBRZ9M=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2FXFD0GBfEYwTwgWZbeSScOmX040yuEJQe/wquevIlXP8WD/+JuzEGjdSqquunq8mMlDdn2h1VYWFxaXimultbWNza3yts7LRMlWmBTRCrSHR8MKhlikyQp7MQaIfAVtv3RRe6371EbGYU3NI7RDWAYyoEUQJnkXnppjDCaVMlzDr1yxa7ZU/C/xJmRCpuh4ZU/e/1IJAGGJBQY03XsmNwUNEmhcFLqJQZjECMYYjejIQRo3HQaesIPEgMU8Rg1l4pPRfy5kUJgzDjws8kA6NbMe7n4n9dNaHDmpjKME8JQ5IdIKpweMkLLrA3kfamRCPLkyGXIBWggQi05CJGJSVZPKevDmf/+L2kd1ZyTmn19XKmfz5opsj22z6rMYaeszq5YgzWZYHfskT2xZ+vBerFerbfv0YI129llv2C9fwHH6JYY</latexit>

Fpeak(t1)

<latexit sha1_base64="QS+cA82nZ2ze6MwICvMJNNH8vzw=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2E3KHoMCuIxgnlAsoTeSScOmX040yuEJQe/wquevIlXP8WD/+JuzEET61RUddPV5UVKGrLtTyu3tLyyupZfL2xsbm3vFHf3miaMtcCGCFWo2x4YVDLABklS2I40gu8pbHmjy8xvPaA2MgxuaRyh68MwkAMpgFLJveolEcJoUqZe9bhXLNkVewq+SJwZKbEZ6r3iV7cfitjHgIQCYzqOHZGbgCYpFE4K3dhgBGIEQ+ykNAAfjZtMQ0/4UWyAQh6h5lLxqYi/NxLwjRn7XjrpA92ZeS8T//M6MQ3O3UQGUUwYiOwQSYXTQ0ZombaBvC81EkGWHLkMuAANRKglByFSMU7rKaR9OPPfL5JmteKcVuybk1LtYtZMnh2wQ1ZmDjtjNXbN6qzBBLtnT+yZvViP1qv1Zr3/jOas2c4++wPr4xvJeJYZ</latexit>

Fpeak(t2)

<latexit sha1_base64="IBg9vaznf3BCUfDkba/R1eTPU34=">AAAB/3icbVDLSgNBEJyNrxhfUY9eBoMQL2HXB3oMCuIxgnlAsoTeSScOmX040yuEJQe/wquevIlXP8WD/+JuzEET61RUddPV5UVKGrLtTyu3sLi0vJJfLaytb2xuFbd3GiaMtcC6CFWoWx4YVDLAOklS2Io0gu8pbHrDy8xvPqA2MgxuaRSh68MgkH0pgFLJveomEcJwXKbu8WG3WLIr9gR8njhTUmJT1LrFr04vFLGPAQkFxrQdOyI3AU1SKBwXOrHBCMQQBthOaQA+GjeZhB7zg9gAhTxCzaXiExF/byTgGzPyvXTSB7ozs14m/ue1Y+qfu4kMopgwENkhkgonh4zQMm0DeU9qJIIsOXIZcAEaiFBLDkKkYpzWU0j7cGa/nyeNo4pzWrFvTkrVi2kzebbH9lmZOeyMVdk1q7E6E+yePbFn9mI9Wq/Wm/X+M5qzpju77A+sj2/LCJYa</latexit>

Fpeak(t3)
<latexit sha1_base64="tmjUxUngAoMcv0UD3+IRn2aH+do=">AAAB/XicbVC7TsNAEDyHVwivACXNiQiJKrIRCMoIGsogkYeUWNH5sgmn3J2tuzUisiK+ghYqOkTLt1DwL9jGBSRMNZrZ1c5OEElh0XU/ndLS8srqWnm9srG5tb1T3d1r2zA2HFo8lKHpBsyCFBpaKFBCNzLAVCChE0yuMr9zD8aKUN/iNAJfsbEWI8EZplKvj/CACQoFs0G15tbdHHSReAWpkQLNQfWrPwx5rEAjl8zanudG6CfMoOASZpV+bCFifMLG0EupZgqsn+SRZ/QotgxDGoGhQtJchN8bCVPWTlWQTiqGd3bey8T/vF6Mows/ETqKETTPDqGQkB+y3Ii0C6BDYQCRZcmBCk05MwwRjKCM81SM03IqaR/e/PeLpH1S987q7s1prXFZNFMmB+SQHBOPnJMGuSZN0iKchOSJPJMX59F5dd6c95/RklPs7JM/cD6+Aco4ljk=</latexit>

time

<latexit sha1_base64="ns8LaX8h2zM9h8ORDc7P4ZLgN2Y=">AAAB/3icbVA9SwNBEN2LXzF+RS1tFoNgFe5E0TIogmUE8wHJEeY2k7hkb+/cnRPDkcJfYauVndj6Uyz8L15iCk181eO9GebNC2IlLbnup5NbWFxaXsmvFtbWNza3its7dRslRmBNRCoyzQAsKqmxRpIUNmODEAYKG8HgYuw37tFYGekbGsboh9DXsicFUCb5bcIHSi81mv5w1CmW3LI7AZ8n3pSU2BTVTvGr3Y1EEqImocDalufG5KdgSAqFo0I7sRiDGEAfWxnVEKL100noET9ILFDEYzRcKj4R8fdGCqG1wzDIJkOgWzvrjcX/vFZCvTM/lTpOCLUYHyKpcHLICiOzNpB3pUEiGCdHLjUXYIAIjeQgRCYmWT2FrA9v9vt5Uj8qeydl9/q4VDmfNpNne2yfHTKPnbIKu2JVVmOC3bEn9sxenEfn1Xlz3n9Gc850Z5f9gfPxDUC2lwg=</latexit>

Energy

<latexit sha1_base64="g3NgbeSPE4fyo85OJVnrfrbJTHk=">AAACAHicbVC7SgNBFJ2NrxhfUUubwSDEJuyKomVQIpYRzAOSNcxObuKQ2Qczd4WwpPErbLWyE1v/xMJ/cXbdQqOnOpxzL+fe40VSaLTtD6uwsLi0vFJcLa2tb2xulbd32jqMFYcWD2Wouh7TIEUALRQooRspYL4noeNNLlK/cw9KizC4wWkErs/GgRgJztBIt40+Ch80vRw0qo3DQbli1+wM9C9xclIhOZqD8md/GPLYhwC5ZFr3HDtCN2EKBZcwK/VjDRHjEzaGnqEBM1lukl09owexZhjSCBQVkmYi/NxImK/11PfMpM/wTs97qfif14txdOYmIohihICnQSgkZEGaK2HqADoUChBZejlQEVDOFEMEJSjj3Iix6adk+nDmv/9L2kc156RmXx9X6ud5M0WyR/ZJlTjklNTJFWmSFuFEkUfyRJ6tB+vFerXevkcLVr6zS37Bev8CpF6V8g==</latexit>

E ⇥ FE(E)

<latexit sha1_base64="iQvNz42vaDVovf5VMhHuP6fsJN4=">AAACGnicbVC7TsNAEDyHVwivACXNiQgEBZGNQFBGIBAlSASQkhCtj01yyvmhuzVSZPkP+AS+ghYqOkRLQ8G/cDEpeE01O7Or3R0/VtKQ6747hbHxicmp4nRpZnZufqG8uHRhokQLrItIRfrKB4NKhlgnSQqvYo0Q+Aov/f7h0L+8RW1kFJ7TIMZWAN1QdqQAslK7vH7cTo+yDdrkTSMDbis3r46uU2+rCSrugS2zdrniVt0c/C/xRqTCRjhtlz+aN5FIAgxJKDCm4bkxtVLQJIXCrNRMDMYg+tDFhqUhBGhaaf5PxtcSAxTxGDWXiucifp9IITBmEPi2MwDqmd/eUPzPayTU2W+lMowTwlAMF5FUmC8yQksbFPIbqZEIhpcjlyEXoIEIteQghBUTm1zJ5uH9/v4vudiuertV92ynUjsYJVNkK2yVbTCP7bEaO2GnrM4Eu2MP7JE9OffOs/PivH61FpzRzDL7AeftE8+Knw4=</latexit>

FE(t) ⇠ F0(t)E
1�↵(t)

<latexit sha1_base64="is51ZwwBjqFtd6N3a93KwYyzeNU=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBAUJOyKosegIB4jmChkQ+idtDo4O7vO9CphyTf4CX6FVz15E6/iwX9xN67gq05FVTfdVUGspCXXfXNGRsfGJyZLU+Xpmdm5+crCYstGiRHYFJGKzGkAFpXU2CRJCk9jgxAGCk+Cy/3cP7lGY2Wkj6kfYyeEcy3PpADKpG5l/aCbugPuWwRjohtOG9y/SqDHfVDxBXBffxndStWtuUPwv8QrSJUVaHQr734vEkmImoQCa9ueG1MnBUNSKByU/cRiDOISzrGdUQ0h2k46jDTgq4kFiniMhkvFhyJ+30ghtLYfBtlkCHRhf3u5+J/XTuhst5NKHSeEWuSHSCocHrLCyKwr5D1pkAjyz5FLzQUYIEIjOQiRiUlWXjnrw/ud/i9pbda87Zp7tFWt7xXNlNgyW2FrzGM7rM4OWYM1mWC37J49sEfnznlynp2Xz9ERp9hZYj/gvH4AOrahkQ==</latexit>

F0 & t, ↵ % t

t1
<latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit><latexit sha1_base64="bpjvDdQVLVBQmTrY8/6AlPcUcSs=">AAAB9XicbVC7TsNAEFzzDOEVoKQ5ESFRRTZCgjKChjII8pCSKDpfNuGU89m6W4MiK59ACxUdouV7KPgXbOMCEqYazexqZ8ePlLTkup/O0vLK6tp6aaO8ubW9s1vZ22/ZMDYCmyJUoen43KKSGpskSWEnMsgDX2Hbn1xlfvsBjZWhvqNphP2Aj7UcScEplW5p4A0qVbfm5mCLxCtIFQo0BpWv3jAUcYCahOLWdj03on7CDUmhcFbuxRYjLiZ8jN2Uah6g7Sd51Bk7ji2nkEVomFQsF/H3RsIDa6eBn04GnO7tvJeJ/3ndmEYX/UTqKCbUIjtEUmF+yAoj0w6QDaVBIp4lRyY1E9xwIjSScSFSMU5LKad9ePPfL5LWac1za97NWbV+WTRTgkM4ghPw4BzqcA0NaIKAMTzBM7w4j86r8+a8/4wuOcXOAfyB8/ENq/OSIQ==</latexit>

t2
<latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit><latexit sha1_base64="67UXoOWm4CPRHu8RiHb9ImdOJWw=">AAAB9XicbVC7TsNAEFyHVwivACXNiQiJKrIjJCgjaCiDIA8psaLzZRNOOT90twZFVj6BFio6RMv3UPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP+iYMNYC2yJUoe553KCSAbZJksJepJH7nsKuN73K/O4DaiPD4I5mEbo+nwRyLAWnVLqlYWNYrdl1OwdbJk5BalCgNax+DUahiH0MSChuTN+xI3ITrkkKhfPKIDYYcTHlE+ynNOA+GjfJo87ZSWw4hSxCzaRiuYi/NxLuGzPzvXTS53RvFr1M/M/rxzS+cBMZRDFhILJDJBXmh4zQMu0A2UhqJOJZcmQyYIJrToRaMi5EKsZpKZW0D2fx+2XSadQdu+7cnNWal0UzZTiCYzgFB86hCdfQgjYImMATPMOL9Wi9Wm/W+89oySp2DuEPrI9vrYKSIg==</latexit>

t3
<latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit><latexit sha1_base64="ThXAiC0CXwDmAUtDVu4Hydd+7tw=">AAAB9XicbVC7TsNAEDyHVwivACXNiQiJKrIBCcoIGsogyENKrGh92YRTzg/drUGRlU+ghYoO0fI9FPwLtnEBCVONZna1s+NFShqy7U+rtLS8srpWXq9sbG5t71R399omjLXAlghVqLseGFQywBZJUtiNNILvKex4k6vM7zygNjIM7mgaoevDOJAjKYBS6ZYGp4Nqza7bOfgicQpSYwWag+pXfxiK2MeAhAJjeo4dkZuAJikUzir92GAEYgJj7KU0AB+Nm+RRZ/woNkAhj1BzqXgu4u+NBHxjpr6XTvpA92bey8T/vF5Mows3kUEUEwYiO0RSYX7ICC3TDpAPpUYiyJIjlwEXoIEIteQgRCrGaSmVtA9n/vtF0j6pO3bduTmrNS6LZsrsgB2yY+awc9Zg16zJWkywMXtiz+zFerRerTfr/We0ZBU7++wPrI9vrxGSIw==</latexit>

<latexit sha1_base64="zd7I9DsjCTeleNfnh5LQ2ObeA1M=">AAAB+nicbVDLSsNAFJ3UV62vqks3g0Wom5KIosuiCC4r2Ae0IUymt3XoJBlmboQS+xNudeVO3PozLvwXk5iFtp7V4Zx7ueceX0lh0LY/rdLS8srqWnm9srG5tb1T3d3rmCjWHNo8kpHu+cyAFCG0UaCEntLAAl9C159cZX73AbQRUXiHUwVuwMahGAnOMJV6156qo+cce9Wa3bBz0EXiFKRGCrS86tdgGPE4gBC5ZMb0HVuhmzCNgkuYVQaxAcX4hI2hn9KQBWDcJM87o0exYRhRBZoKSXMRfm8kLDBmGvjpZMDw3sx7mfif149xdOEmIlQxQsizQygk5IcM1yItAuhQaEBkWXKgIqScaYYIWlDGeSrGaTOVtA9n/vtF0jlpOGcN+/a01rwsmimTA3JI6sQh56RJbkiLtAknkjyRZ/JiPVqv1pv1/jNasoqdffIH1sc3mqGTvA==</latexit>

Ep(t1)
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FIGURE 4.3: Illustration of the spectral evolution caused by a shift of the spectrum
towards lower energies. The transition of the spectral peak through the XRT band
explains the observed spectral softening. The spectra in panel (b) coloured in
blue, green and red correspond to the three temporal bins shown in panel (a)
with the same colours. The inset in panel (b) shows how the local spectral slope
evolves as observed in the XRT band. Since in the panel (b) we plot the flux
density, the local slope in the XRT band is given by 1 − α, where α is the photon
index. Both the x and y axes in panels (a) and (b) have arbitrary units. Panel (c)
is an artistic illustration of the correspondence between the jet expansion and the
spectral evolution.

the flux drops by two orders of magnitude. The initial and final photon
indexes are consistent with the typical low- and high-energy values found
from the analysis of the prompt emission spectrum of GRBs, namely ∼ 1
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and ∼ 2.3 (Frontera, 2000; Kaneko, 2006; Nava et al., 2011), respectively.
The α − F relation can be interpreted as being due to a spectral evolution
in which the spectral shape does not vary in time, but the whole spectrum
is gradually shifted towards lower energies while becoming progressively
dimmer (see Fig. 4.3). The consistent spectral evolution discovered in our
analysis is a clear indication of a common physical mechanism responsible
for the tail emission of GRBs and the corresponding spectral softening.

4.2 Theoretical interpretation

In this section we the verify the validity of the HLE interpretation, explor-
ing several hypothesis and extensions of the model. The common assump-
tion at the basis of the HLE scenario is that particles are able to cool on a
time scale much shorter than the dynamical time scale. We then extend this
interpretation, testing what happens in the opposite regime, namely when
particles inefficiently radiate and the dominating cooling process is driven
by the adiabatic expansion of the jet.

4.2.1 High latitude emission scenario

We first compare our results with the expectations from the standard HLE,
which is the widely adopted model for interpreting the X-ray tails of GRBs.
As already described, when the emission from a curved surface is switched
off, an observer receives photons from increasing latitudes with respect to
the line of sight. The higher the latitude, the lower the Doppler factor, re-
sulting in a shift towards lower energies of the spectrum in the observer
frame.

HLE from an instantaneous pulse

We assume that an infinitesimal duration pulse of radiation is emitted on
the surface of a spherical shell, at radius R0 from the center of the burst.
Such treatment implicitly assumes particles that cool on timescales much
smaller than the dynamical timescales. Therefore, all the X-ray tail emission
is dominated by photons departed simultaneously from the last emitting
surface. The jet has an aperture angle ϑj and it expands with a bulk Lorentz
factor Γ. We assume also that the comoving spectrum is the same on the
whole jet surface. The temporal evolution of the observed flux density is
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FIGURE 4.4: Spectral evolution expected for HLE from an infinitesimal duration
pulse. The comoving spectrum is assumed to be a SBPL. The several colors in-
dicate the observed peak frequency at the beginning of the decay. The error bars
represent 1σ uncertainties, calculated via spectral fitting in XSPEC. In the legend
we report the name of each GRB.

given by Oganesyan, 2020:

Fν(tobs) ∝ Sν′(ν/D(ϑ))D2(ϑ) cos(ϑ), (4.4)

with Sν′(ν/D(ϑ)) the comoving spectral shape, D(ϑ) the Doppler factor
and ϑ the angle measured from the line of sight, which is assumed to co-
incide with the jet symmetry axis. The observer time tobs is related to the
angle ϑ through this formula:

tobs(ϑ) = tem(1 − β cos ϑ), (4.5)

where tem is the emission time. Eq. (4.4) is valid for ϑ < ϑj, while for ϑ > ϑj
the emission drops to zero. This implies that for tobs > tem(1 − β cos ϑj)
the flux drops to zero. At each time tobs(ϑ) the observer receives a spec-
trum that is Doppler shifted by a factor D(ϑ) with respect to the comoving
spectrum. If the comoving spectrum is curved, i.e. if d2

dν′2 Sν′ ̸= 0, then also
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a

b

FIGURE 4.5: Spectral evolution expected for HLE from a infinitesimal duration
pulse, for alternative spectral shapes. In a we adopt a Band function, while in b
we adopt a SBPL with sharpness parameter n = 4. The error bars represent 1σ
uncertainties, calculated via spectral fitting in XSPEC. In the legend we report the
name of each GRB.

the photon index is a function of time (Lin, 2017). The shape of the result-
ing curve α − F is determined only by the spectral shape and the comoving
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a

b

FIGURE 4.6: Spectral evolution expected for HLE from a infinitesimal duration
pulse, assuming a synchrotron spectrum as spectral shape. In a we adopt νm/νc =
1, while in b νm/νc = 10. The several colors indicate the observed peak frequency
at the beginning of the decay. In b the spectral evolution appears slightly steeper
with respect to the case νm/νc = 1 because for νc < ν < νm the spectrum goes
like Fν ∼ ν−p/2. The error bars represent 1σ uncertainties, calculated via spectral
fitting in XSPEC. In the legend we report the name of each GRB.
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peak frequency ν′p, while it is independent on the emission radius R0 and
the bulk Lorentz factor Γ.
We notice that the observed photon index goes from 0.5− 1.0 up to 2.0− 2.5,
consistent with the slopes of a synchrotron spectrum before and after the
peak frequency. Indeed for a population of particles with an injected en-
ergy distribution N(γ) ∝ γ−p that has not completely cooled, the expected
shape of the spectrum is Fν ∼ ν1/3 (α = 2/3) for ν < νc and Fν ∼ ν−p/2

(α = p/2 + 1) for ν > νm ≳ νc. At each arrival time we compute the flux
and the photon index in the XRT band using eq. (4.4). In particular, the XRT
flux is given by

F0.5−10 keV(tobs) =
∫ 10 keV/h

0.5 keV/h
Fν(tobs)dν, (4.6)

where h is Planck’s constant, while the photon index is computed as (Genet
and Granot, 2009; Lin, 2017)

α(tobs) = 1 − log [Fν=10 keV/h(tobs)/Fν=0.5 keV/h(tobs)]

log (10 keV/0.5 keV)
. (4.7)

This method for the evaluation of photon index is valid in the limit of a
spectrum that can be always approximated with a power law as it passes
through the XRT band, which is the case for typical prompt emission spec-
tra.
In the specific we test the HLE adopting the following spectral shapes:

1. Smoothly broken lower law (SBPL). It well approximates the syn-
chrotron spectrum below and above the peak frequency. The adopted
spectral shape is

S(n)
ν

(
ν

ν0

)
∝

[(
ν

ν0

)nαs

+

(
ν

ν0

)nβs
]−1/n

, (4.8)

with αs = −1/3 and βs = 1.5. Larger values of n correspond to
sharper spectral peaks. The α − F relation for n = 1 (n = 4) is shown
in Fig. 4.4 (Fig. 4.5b). For n = 4, the shape of the curves becomes
flatter at the beginning and at the end of the decay, but with no sub-
stantial steepening of the intermediate part. This is attributable to
HLE that imposes an evolution of the observed peak frequency like
t−1
obs. Thus, while the initial and final values of photon index are dic-

tated by the spectral shape, the steepness of the transition from the
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initial to the final value is governed by HLE and is independent on
the spectral shape.

2. Band function (Band, 1993):

B(ϵ) =

{
ϵ1+αse−ϵ ϵ < αs − βs

(αs − βs)αs−βse−αs+βsϵ1+βs ϵ > αs − βs
, (4.9)

where ϵ = ν/ν0. In this case the peak of the energy spectrum is at
νp = (2 + αs)ν0. The resulting spectral evolution is very similar to the
case of SBPL, as visible in Fig. 4.5a.

3. Synchrotron spectrum emitted by a population of particles with an
initial energy distribution N(γ) ∝ γ−p. Synchrotron is considered the
dominant radiative process in prompt emission of GRBs (Rees and
Meszaros, 1994; Zhang, 2020). In the fast cooling regime, the particle
distribution becomes

N(γ) ∝

{
γ−2 γc < γ < γm

γ−(p+1) γ > γm
. (4.10)

The only three parameters that define the shape of the synchrotron
spectrum are νm ∝ γ2

m, νc ∝ γ2
c and p. For the computation of the

spectrum we use (“Rybicki, G. B. & Lightman, A. P. Riadiative Pro-
cesses in Astrophysics. Wiley-Interscience Publication (1979).” n.d.):

Fν ∝
∫ ∞

γc

P(ν, γ)N(γ)dγ, (4.11)

with

P(ν, γ) ∝ B

[(
ν

νch

) ∫ ∞

ν
νch

K5/3(x)dx

]
, νch ∝ γ2B, (4.12)

where B is the magnetic field and K5/3(x) is the modified Bessel func-
tion of order 5/3. A value of νm/νc ∼ 1 is expected in the marginally
fast cooling regime (Kumar and McMahon, 2008; Beniamini and Pi-
ran, 2013; Beniamini et al., 2018), which is favoured by broad-band
observations of GRB prompt spectra (Oganesyan, 2017; Oganesyan,
2018; Oganesyan, 2019; Ravasio, 2018; Ravasio, 2019; Burgess, 2020).
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The resulting spectral evolution for values of νm/νc = 1 and νm/νc =
10 is reported in Fig. 4.6.

We finally test how the α − F relation changes if we assume a structured
jet with an angle-dependent comoving spectrum. In particular, we consider
a spectral peak energy that is nearly constant inside an angle ϑc (measured
with respect to the line of sight) and starts to decrease outside it. Regardless
of the choice of the specific law for the angular dependence (e.g. Gaussian
or power law), the HLE can reproduce the α − F relation only if all the an-
alyzed GRBs have a fine-tuned value of ϑc < 1◦. Such a small value of ϑc,
on the other hand, would imply a very short steep decay, in contradiction
with observations.
In conclusion, regardless of the choice of the peak energy, the bulk Lorentz
factor or the radius of the emitting surface, the HLE predicts an α − F rela-
tion whose rise is shallower than the observed one.

HLE from finite duration pulse

If we relax the assumption of infinitesimal duration of the pulse (in the
jet comoving frame), we can assume that the jet continuously emits until it
switches off at a radius R0 (Genet and Granot, 2009). For the computation of
the flux as a function of time we therefore integrate the comoving intensity
along the equal-arrival-time surfaces (EATS) (e.g., Fenimore et al. 1996; Der-
mer 2004; Genet and Granot 2009; Salafia et al. 2016. Photons emitted at dif-
ferent times along the EATS arrive simultaneously to the observer. Know-
ing that tobs(ϑ) = tem(1− β cos ϑ) and imposing that tobs(ϑ, R) = const, the
polar equation which describes the EATS is given by:

R(ϑ, tobs) =
βctobs

1 − β cos ϑ
, (4.13)

where we have expressed the emission time as tem = R/βc, in the assump-
tion of constant expansion velocity. From the above equation, we see that
our assumption that the emission switches off when the radius crosses R0
translates to a ϑ-dependent switching off in the observer frame. At any
time tobs > (1 − β)R0/βcthe observer receives the photons emitted along
a surface given by the intersection of the EATS and the jet cone, defined
by R < R0, ϑ < ϑj and 0 < ϕ < 2π, where ϕ is the azimuth angle. The
resulting surface extends from a minimum angle ϑmin(tobs) out to ϑ = ϑj,
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FIGURE 4.7: Spectral evolution in case of HLE from a finite-duration pulse. The
adopted parameters are Rin = 3 × 1015 cm, Roff = 9 × 1015 cm, Γ0 = 100 and
νp = 100 keV. The adopted spectral shape is a SBPL. The value of λ specifies
the evolution of the magnetic field. The error bars represent 1σ uncertainties,
calculated via spectral fitting in XSPEC. In the legend we report the name of each
GRB.

where the former is given by

ϑmin(tobs) = arccos
(

1
β
− ctobs

R0

)
. (4.14)

The flux density is given by

Fν(tobs) =
∫

EATS
Iν(ϑobs) cos (ϑobs) dΩobs, (4.15)

where Iν is the specific intensity and dΩobs is the solid angle in the observer
frame. Transforming to the comoving frame we have Iν(ν) = D3 I′ν′(ν/D).
We decompose the comoving intensity as

I′ν′ = I′ν′p · Sν′ , (4.16)

where I′
ν′p

is the comoving intensity at the peak frequency ν′p and Sν′ is

the comoving spectral shape, normalized so that Sν′(ν
′
p) = 1. In general,
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I′
ν′p

∝ Ntot/R2, where Ntot is the number of emitting particles. If the emis-

sion process is synchrotron, I′
ν′p

is also proportional to B, the magnetic field
as measured by an observer comoving with the jet, which is assumed to
evolve as B = B0(R/R0)

−λ, with λ ≥ 0 is a free parameter. If we assume
Ntot to be constant in time, then I′

ν′p
∝ R−2 and, since dΩobs ∝ R2 sin ϑ, the

final form of the integral is

Fν(tobs) ∝
∫ ϑj

ϑmin(tobs)
Sν′(ν/D(ϑ))

(
R(ϑ, tobs)

R0

)−λ

D3(ϑ) sin ϑ cos ϑdϑ.

(4.17)
The α− F relation for several values of λ is plotted in Fig. 4.7. The contribu-
tions from regions R < R0 are sub-dominant with respect to the emission
coming from the last emitting surface at R = R0, resulting in a spectral
evolution still incompatible with the observations.

HLE from jet with time-dependent bulk Lorentz factor

An interesting alternative is the HLE emission from an accelerating region
(Uhm and Zhang, 2015; Uhm and Zhang, 2016b; Uhm and Zhang, 2016a;
Uhm et al., 2018) taking place in some Poynting flux dissipation scenarios
(Zhang and Yan, 2011). For our treatment we consider that the emission
starts at R = Rin and finishes at R = Roff. We assume also that Γ evolves as
a power law with the radius, namely

Γ(R) = Γ0

(
R

Rin

)k
, (4.18)

with k > 0 if the shell accelerates or k < 0 if the shell decelerates. We
consider the emission of a photon at radius Rem and an angle ϑ = ϑem, then
we define ∆tem the time necessary to expand from Rin to Rem. During the
same interval of time, a photon emitted at radius Rin and an angle ϑ = 0
travels a distance c∆tem. Therefore the delay between these two photons is
∆tobs = (Rin + c∆tem − Rem cos ϑ)/c. From eq. (4.18) we can write

1√
1 − 1

c2

(
dR
dt

)2
= Γ0

(
R

Rin

)k
, (4.19)
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a

b

FIGURE 4.8: Temporal (a) and spectral (b) evolution for HLE from a finite-
duration pulse, in case of not constant Γ. The magnetic field does not evolve with
radius, i.e λ = 0. The adopted parameters are Rin = 3 × 1015 cm, Roff = 9 × 1015

cm, Γ0 = 100 and νp = 100 keV. The value of k specifies the evolution of Γ. The
adopted spectral shape is a SBPL. The peak of each curve is shifted at 100 s. In a
the vertical error bars represent 1σ uncertainties, calculated via spectral fitting in
XSPEC, while horizontal error bars represent the width of the time bin. In b the
error bars represent 1σ uncertainties, calculated via spectral fitting in XSPEC. In
the legend we report the name of each GRB.
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from which we derive

dR√
1 − 1

Γ2
0

(
R

Rin

)−2k
= c dt. (4.20)

In the limit of Γ0 ≫
(

R
Rin

)−k
, we can write

∫ Rem

Rin

[
1 +

1
2Γ2

0

(
R

Rin

)−2k
]

dR ≃ c∆tem. (4.21)

Thus, the delay time is

∆tobs =
Rem

c
(1 − cos θ) +

1
2c

∫ Rem

Rin

1
Γ2 dR. (4.22)

Given an arrival time ∆tobs, this equation allow us to associate a radius Rem
to each angle ϑem through the following expression:

cos ϑem = 1 − c∆tobs

Rem
+

Rin

2Rem

1
Γ2

0

1
1 − 2k

[(
Rem

Rin

)1−2k
− 1

]
. (4.23)

Inverting this equation, we obtain the polar equation Rem(ϑem, ∆tobs)
which defines the EATS, namely all the photons emitted from this locus
of points arrive to the observer with a time delay ∆tobs with respect to the
first photon coming from R = Rin and ϑ = 0. The computation of the flux
as a function of time is again done using eq. (4.17), with the only difference
that now β and Γ, which appear in the Doppler factor D(ϑ), depend on
R(ϑ).
The light curve and the spectral evolution for values of k in the range
−0.4 ≤ k ≤ 0.4 are shown in Fig. 4.8. Even though it can explain the tempo-
ral slopes observed in the X-ray tails, also this scenario fails in reproducing
the α − F relation.

HLE with alternative scenarios

In this section we explore other possible models of prompt emission which
can drive the evolution during the X-ray tails. We first consider an
anisotropic emission from the jet core, made of mini-jets (Narayan and Ku-
mar, 2009; Barniol Duran et al., 2016; Geng et al., 2017) with angular sizes
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a

b

c

FIGURE 4.9: Predicted α − F relation in case of mini-jets model. We show the
evolution for n = 2 (a), n = 5 (b) and n = 10 (c). The error bars represent 1σ
uncertainties, calculated via spectral fitting in XSPEC. In the legend we report the
name of each GRB.
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< 1/Γ. In order to model such anisotropy we adopt an angular distribu-
tion of the emission in the form P(θ′) ∝ (sin θ′)n, where n is the degree
of anisotropy and θ′ is the angle between the direction of the emitted pho-
tons and the local radial direction, as measured in the comoving frame. We
evaluate the resulting HLE flux received by the observer as

Fν ∝ P(θ′)D2(θ)S
(

ν

P(θ′)D(θ)ν′c

)
, (4.24)

where the dependence on time is implicit in θ. The resulting α − F relation
for n = 2, n = 5 and n = 10 is shown in Fig. 4.9. The figure demonstrates
that the larger the value of n, the more the predicted curves move away
from the data. Since for n = 0 we are in the limit of standard HLE, which
is already disfavoured by our study, we conclude that also mini-jets are not
able to successfully reproduce the α - F relation.
Within the HLE scenario, only models which assume a dissipation oc-
curring above the jet photosphere, such as in internal shocks (Rees and
Meszaros, 1994) or in magnetic reconnection scenarios (Drenkhahn and
Spruit, 2002; Lyutikov and Blandford, 2003), are able to reproduce the typ-
ical duration of X-ray tails (∼ 100 s). Photospheric models (Pe’er, 2008),
where dissipation occurs at radii Rph ∼ 1012 cm (Piran, 1999), give smaller
times scales of ∼ 10−2 s, incompatible with observations. Only a com-
mon declining activity of the central engine (Hascoët et al., 2012; Kumar et
al., 2008) and a fine-tuned intrinsic spectral softening (Beloborodov, 2011)
would be required to account for the α − F relation.
In slow heating/reacceleration scenarios (Asano and Terasawa, 2009), as
soon as the shock crosses the shell, particle acceleration is halted along
with the generation of magnetic field (as both rely on the presence of shock-
generated turbulence), leading to an abrupt switch-off of the emission. This
leads again to HLE being the dominant effect in determining the tail flux
and spectral evolution, which is clearly disfavoured by our analysis. A
slower decay of the magnetic field after the shock crossing (Asano and Tera-
sawa, 2015), along with a decaying particle acceleration, could be compat-
ible with our results, but we still need adiabatic cooling (which is anyway
unavoidable) to play the leading role in the spectral evolution, as discussed
in the next section. We therefore conclude that, while the slow-heating sce-
nario is not per se rejected by our results, it cannot be invoked as the main
mechanism behind the α - F relation.
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FIGURE 4.10: α − F plot in case of adiabatic cooling, but with the shell thickness
∆R ∝ R, instead of ∆R = const. The theoretical curves are computed taking
also into account the effect of HLE. The value of λ specifies the evolution of the
magnetic field. We adopt a SBPL as spectral shape with αs = −1/3 and βs =
1.5, an initial observed peak frequency of 100 keV. The dot-dashed line is the
evolution expected in case of HLE without adiabatic cooling, assuming the same
spectral shape and initial observed peak frequency. The error bars represent 1σ
uncertainties, calculated via spectral fitting in XSPEC. In the legend we report the
name of each GRB.

4.2.2 Adiabatic cooling

Since the standard HLE from efficiently cooled particles and its modified
versions, as well as alternative scenarios, are not able to robustly inter-
pret the observed α − F relation, we consider a mechanism based on an
intrinsic evolution of the comoving spectrum. The most natural process is
the adiabatic cooling of the emitting particles (Barniol Duran and Kumar,
2009). Here we assume conservation of the entropy of the emitting system
⟨γ⟩3V′ throughout its dynamical evolution, where ⟨γ⟩ is the average ran-
dom Lorentz factor of the emitting particles and V′ ∝ R2∆R′ the comoving
volume (Meszaros and Rees, 1993). We consider both thick and thin emit-
ting regions, i.e. a comoving thickness of the emitting shell ∆R′ = const or
∆R′ ∝ R, respectively. We assume a power law radial decay of the mag-
netic field B = B0(R/R0)

−λ, with λ > 0, and synchrotron radiation as the
dominant emission mechanism. Here R0 is the radius at which adiabatic
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cooling starts to dominate the evolution of the emitting particles. We com-
pute the observed emission taking also into account the effect of HLE by
integrating the comoving intensity along the equal arrival time surfaces In
this section we derive the effect of adiabatic cooling of the emitting par-
ticles (Panaitescu, 2019) on the light curve and the spectral evolution of
X-ray tails. We assume that the emission is dominated by a single species
of particles that can be treated as a relativistic gas in adiabatic expansion.
We assume also that there is no interaction with other species of particles. If
the particles are embedded in a region of comoving volume V′, an adiabatic
expansion satisfies the equation

⟨γ⟩3 V′ = const, (4.25)

where ⟨γ⟩ is the average Lorentz factor of the emitting particles in the co-
moving frame. The last equation is valid in the limit in which the adiabatic
cooling timescale is smaller than the cooling time of other radiative pro-
cesses, such as synchrotron or inverse Compton. Namely, particles radiate
only a negligible fraction of their internal energy during the expansion of
the system. Regarding the radial dependence of the volume V′, we distin-
guish two cases:

• thick shell, with a comoving width ∆R′ that does not evolve with
time, hence V′ ∝ R2∆R′ ∝ R2

• thin shell, with a comoving width ∆R′ that evolves linearly with R,
hence V′ ∝ R2∆R′ ∝ R3

We assume that the dominant radiative process is synchrotron. The evo-
lution of the spectrum in the observer frame is therefore fully determined
once we know how the spectrum normalization Fνp and the peak frequency
νp evolve in time. These two quantities, under the assumption of constant
total number of emitting particles and constant bulk Lorentz factor Γ, take
the following form:

Fνp ∝ B, νp ∝ ⟨γ⟩2 B, (4.26)

where B is the magnetic field (assumed tangled) as measured by a co-
moving observer. As described in the main text, we adopt the following
parametrization for the magnetic field:

B = B0

(
R
R0

)−λ

, (4.27)
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where λ ≥ 0, under the reasonable assumption that magnetic field has
to decrease or at most remain constant during the expansion. The value
of R0 corresponds to the radius where particles are injected, namely when
adiabatic cooling starts to dominate. We use the integration along the Equal
Arrival Time Surfaces (EATS) to compute the evolution of flux, as done for
HLE from finite-duration pulse, with the only difference that in this case
the emission never switches off. The final form of the integral is

Fν(tobs) ∝
∫ ϑj

0
Sν′(ν/D(ϑ))

(
R(ϑ, tobs)

R0

)−λ

D3(ϑ) sin ϑ cos ϑdϑ, (4.28)

where the factor (R/R0)
−λ comes from I′

ν′p
∝ B, while ν′p evolves in time

according to eq. (4.31).
In this scenario, contrary to HLE alone, the emission from the jet is not

switched off suddenly, but the drop in flux and the spectral evolution are
produced by a gradual fading and softening of the source, driven by adia-
batic cooling of particles. The resulting spectral evolution and light curves
for the sample 1 are shown in Fig. 4.11.
Adiabatic cooling produces a much faster softening of α as a function of the
flux decay, with respect to HLE alone, in agreement with the data. Assum-
ing a different evolution of the shell thickness, the behavior of the curves
changes only marginally (see Fig. 4.10). For large values of λ the evolu-
tion of α flattens in the late part of the decay (see Fig. 4.11a), indicating that
the spectral evolution becomes dominated by the emission at larger angles,
rather than by adiabatic cooling in the jet core. Adiabatic cooling can also
well reproduce the light curve of X-ray tails (Fig. 4.11b). For comparison,
in the same plot we show the light curve given by pure HLE, adopting the
same value of R0 and Γ.
Moreover we find that GRBs from sample 2 follow the overall α − F relation
(Fig. 4.2b), confirming that a common physical process is governing the
spectral evolution of X-ray tails. Also in this case adiabatic cooling is capa-
ble of reproducing the data (Fig. 4.12a), provided that we assume a slightly
softer high energy intrinsic spectrum (α ∼ 3 instead of α ∼ 2.5). Alter-
natively, the introduction of an exponential cutoff in the spectral shape at
ν = νc ∼ νm can also reproduce the data (see Fig. 4.12b), where νc and νm
are the synchrotron characteristic frequencies. The cutoff is formed by a
combined action of adiabatic cooling and mild synchrotron cooling.
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FIGURE 4.11: Spectral and temporal evolution in case of adiabatic cooling. Panel
(a) shows the α − F relation expected in the case of adiabatic cooling (solid lines).
The theoretical curves are computed taking also into account the effect of HLE.
The value of λ specifies the evolution of the magnetic field. We adopt a SBPL as
spectral shape with αs = −1/3 and βs = 1.5, an initial observed peak frequency
of 100 keV and a thickness of the expanding shell that is constant in time. The
dot-dashed line is the evolution expected in case of HLE without adiabatic cool-
ing, assuming the same spectral shape and initial observed peak frequency. Panel
(b) shows the temporal evolution of normalized flux expected in case of adiabatic
cooling. δtobs + 100 s is the time measured from the peak of the decay shifted at
100 s. We adopt the same parameters as in panel (a), assuming R0 = 2 × 1015 cm
and Γ = 100. The dot-dashed line is the corresponding HLE model without ac-
counting for adiabatic cooling. τad = R0/2cΓ2 indicates the timescale of adiabatic
cooling, which is the same of HLE.

A different prescription for adiabatic cooling has been suggested in the lit-
erature (Barniol Duran and Kumar, 2009), in which the particle’s momen-
tum gets dynamically oriented transverse to the direction of the local mag-
netic field. In this case, HLE is the dominant contributor to the X-ray tail
emission, which is again incompatible with the observed α − F relation.

HLE vs adiabatic cooling: model comparison using Monte Carlo Markov
Chain

In order to fully explore the parameter space of the HLE and adiabatic
cooling models, we performed a MCMC simulation, using the emcee
algorithm (Foreman-Mackey, 2013). The setup of our analysis is described
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FIGURE 4.12: Spectral evolution expected in case of adiabatic cooling (solid lines)
superimposed to the extended sample (sample 1+sample 2). In panel (a) the the-
oretical curves are computed considering adiabatic cooling and inefficient syn-
chrotron cooling, taking also into account the effect of HLE. The value of λ spec-
ifies the evolution of the magnetic field. We adopt a SBPL as spectral shape with
αs = −1/3 and βs = 2.0, an initial observed peak frequency of 100 keV and
a thickness of the expanding shell that is constant in time. Panel (b) shows the
spectral evolution expected in case of combined adiabatic cooling and mild syn-
chrotron cooling. The adopted spectral shape is a SBPL plus an exponential cut-
off. The initial peak frequency is 100 keV. The theoretical curves are computed
taking also into account the effect of HLE. In both panels, the dot-dashed line is
the evolution expected considering only HLE, assuming the same spectral shape
and initial observed peak frequency.

in the following points:

1. The model contains as free parameters Ep, λ and τad = R/2cΓ2,
which are the peak energy at the beginning of the steep decay, the
decay index of the magnetic field, and the adiabatic time scale. The
inclusion of Γ as free parameter returns a flat posterior distribution,
indicating that the model is insensitive to it. Therefore we performed
the analysis fixing Γ = 100.
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2. The MCMC in performed jointly for flux and photon index evolution.
The adopted likelihood is:

log(L) = −1
2 ∑

n

[
(ϕn − ϕ̄(tn))

2

s2
ϕ,n

+ ln
(

2πs2
ϕ,n

)]

−1
2 ∑

n

[
(αn − ᾱ(tn))

2

s2
α,n

+ ln
(

2πs2
α,n

)]
,

(4.29)

where ϕ = F/Fmax, α is the photon index and with ϕ̄, ᾱ we indicate
the value predicted by the model at each time tn. Moreover,

s2
ϕ,n = σ2

ϕ,n + fϕ · ϕ̄(tn), s2
α,n = σ2

α,n + fα · ᾱ(tn), (4.30)

where σϕ and σα are the errors, while fϕ and fα are introduced to take
into account possible underestimation of the errors. Since keeping
fα ̸= 0 leads to a posterior distribution of fα peaked around ∼ 10−7,
the parameter estimation was performed fixing fα = 0. Instead, we
keep fϕ ̸= 0 taking into account that the error on the flux resulting
from the fitting of time-averaged spectrum may not represent the
true flux error over the time bin.

3. The MCMC runs until the number of steps exceeds 100 times the auto-
correlation time (its maximum) and the averaged autocorrelation time
(over 100 steps) becomes constant within 1% accuracy. The burn-in is
chosen as twice of autocorrelation time.

An example of corner plot obtained via MCMC is shown in Fig. 4.15. In
Fig. 4.13 and 4.14, we show for each burst the observed temporal evolution
of photon index and normalized flux in comparison with the curves pro-
duced with 500 random draws from the posterior sample set of the MCMC.

We performed an analogous MCMC analysis adopting the model of
HLE from an instantaneous emission. However, the algorithm is unable
to converge, demonstrating that the model cannot successfully match with
the observations. The only way to obtain converged chains by this model
is to admit extreme and unrealistic values of fϕ, of the order 104 − 108. The
only exception is GRB 090621, which can be fitted by HLE alone. This is
the only case where it is meaningful to compute the Bayes factor between
HLE and AC, which results to be ∼ 200. Thus we prove that the adiabatic
cooling model is strongly preferred for all the analyzed cases.
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FIGURE 4.13: Joint temporal evolution of normalized flux and photon index. For
each GRB we compare the data (blue points) with the best fit curve of the adia-
batic cooling model (black line). The orange lines are curves produced extracting
randomly the model parameters from the posterior distribution obtained from
the MCMC.

The model comparison (adiabatic cooling + HLE against HLE-only) is also
done assuming different spectral shapes: SBPL, Band and synchrotron.
The spectral parameters are the same as those adopted before. For syn-
chrotron, we use νc = νm (the case νc ̸= νm does not improve the good-
ness of fit). In order to compare the goodness of fit of the two mod-
els, we used the Akaike Information Criterion (AIC), which is defined as
AIC = 2k − 2 ln(L), where k in the number of parameters of the model,
and L is the best fit likelihood, that is, 2 ln(L) = −χ2. In Tab. 4.1 we show
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FIGURE 4.14: Continuation of Fig. 4.13.

the value of ∆AIC = AICHLE − AICAC for each spectral shape. For all cases,
the adiabatic cooling is significantly favoured with respect to HLE.

Best fit parameters of the adiabatic cooling model and relative interpre-
tation

The best fit parameters of the adiabatic cooling model are summarized in
Tab. 4.2. The uncertainties are reported based on the 16th, 50th, and 84th
percentiles of the samples in the marginalized distributions (1σ level of con-
fidence). We obtain a value of λ in the range 0.4 − 0.7 (except for 090621A
which prefers λ ∼ 2). On average, these values of λ are smaller than those
expected in an emitting region with a transverse magnetic field (λ = 1 or
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GRB (∆AIC)|SBPL (∆AIC)|Band (∆AIC)|Sync

090621A 8 6 9

100619A 69 66 67

110102A 145 141 145

140512A 193 190 43

161117A 132 124 133

170906A 148 135 145

180325A 80 76 91

190604B 61 59 65

TABLE 4.1: Comparison of best fit statistics between Adiabatic Cooling (AC)
and HLE, adopting a SBPL, a Band function or a synchrotron spectrum, using
the Akaike Information Criterion (AIC). The large values of (∆AIC)|spectrum =
(AICHLE − AICAC)|spectrum indicate that, regardless of the assumed spectral
shape, the HLE from efficiently cooled particles is strongly disfavoured with re-
spect to the adiabatic cooling model.

GRB Epeak (keV) λ τad(s)

090621A 18+3
−2 2.11+0.56

−0.54 24.4+4.7
−3.0

100619A > 129 0.47+0.11
−0.07 0.3+1.0

−0.2

110102A 46+15
−9 0.61+0.10

−0.10 5.8+1.9
−1.1

140512A > 323 0.48+0.04
−0.03 0.9+0.9

−0.4

161117A 80+55
−21 0.69+0.10

−0.10 6.2+2.0
−2.3

170906A 135+204
−53 0.66+0.10

−0.09 3.0+1.6
−1.5

180325A > 122 0.39+0.06
−0.05 0.8+1.3

−0.5

190604B 54+227
−20 0.45+0.25

−0.15 3.5+2.6
−2.8

TABLE 4.2: Results of the parameter estimation via MCMC, adopting the adia-
batic cooling model. The confidence intervals and the lower limits represent the
16th, 50th, and 84th percentiles of the samples in the marginalized distributions
(i.e. 1σ level of confidence).
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FIGURE 4.15: An example of corner plot from the MCMC (GRB 161117A). Epeak
is the peak energy at the beginning of the steep decay, λ is the decaying index
of magnetic field (adimensional parameter), τad is the adiabatic timescale, f1 is a
parameter used in the definition of the likelihood (see the methods section in the
main text for further details). The panels a-d show the 1D posterior probability
distribution of each parameter; since the y axis is a measure of probability density,
it has an arbitrary scale. The panels e-j show the 2D posterior distribution for
each couple of parameters and the contour lines represent the confidence regions
at 0.5σ, 1σ, 1.5σ and 2σ level of confidence (if only 3 contours are visible, this
means that the inner one, corresponding to 0.5σ, is so small that it is reduced to a
point and is not shown).
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λ = 2 for a thick or a thin shell, respectively) or magnetic field in pressure
equilibrium with the emitting particles (λ = 4/3 or λ = 2 for a thick or a
thin shell, respectively, Mészáros and Rees 1999).
The typical timescale of adiabatic cooling τad = R0/2cΓ2, i.e. the ob-
served time interval during which the radius doubles, is equal to the HLE
timescale (Fenimore et al., 1996; Sari and Piran, 1997) and radically affects
the slope of X-ray tails. Therefore, the comparison between the model and
the observed light curves allows us to constrain the size R0 of the emit-
ting region as in HLE (Lyutikov, 2006; Lazzati and Begelman, 2006). We
find values in the range 0.3 s ≲ τad ≲ 24 s. These values are quite larger
than the typical duration of GRB pulses (<1 sec, Walker et al. 2000), which
can be due to the following reason. For the spectral analysis to be feasible,
we had to choose only tails that are long enough (to be divided down into a
sufficient number of temporal bins). Moreover, the prompt emission is usu-
ally interpreted as a superposition of several emission episodes: the steep
decay observed in XRT is likely dominated by the tails with the slowest de-
cay timescales. Since, in our model, the decay timescale is τad = R/2cΓ2,
this could indicate that the emission radius of the pulses that dominate the
tail is systematically larger than that of pulses that dominate the prompt
emission. If this is the case, a lower magnetic field is also expected, which
goes well along with the long radiative timescale and slow (or marginally
fast) cooling regime, in agreement with our results. For the range of τad ob-
tained from the analysis, the corresponding range for the emission radius
is 1.8 × 1014(Γ/100)2 cm ≲ R0 ≲ 1.4 × 1016(Γ/100)2 cm.
Even if HLE and adiabatic cooling have the same timescale (τad = R/2cΓ2),
the relevance of one process with respect to the other is determined by the
decay of the magnetic field, which governs the drop of the spectrum nor-
malization. The expected value of λ can be derived in several scenarios,
according to the process that rules the magnetic field evolution. In case of
conservation of magnetic flux, the perpendicular and parallel component
of B evolve as B⊥ ∼ 1/(∆R′ · r) and B// ∼ r−2, where r is the transverse
radial dimension of the jet in a cylindrical reference system (r, ϕ, z). If the
jet is conical then r ∝ R, leading to B ∼ R−1 (λ = 1) for ∆R′ = const
and B ∼ R−2 (λ = 2) for ∆R′ ∝ R. Another possibility predicts equiparti-
tion between magnetic energy density and particle energy density, giving
B2 ∼ ⟨γ⟩ /V ∼ V−4/3, where in the last step we used eq. (4.31). In this case
B ∼ R−4/3 (λ = 4/3) for ∆R′ = const and B ∼ R−2 (λ = 2) for ∆R′ ∝ R.
All these predicted values of λ are larger than the range found from our
analysis. Such tension can be solved, for instance, if the shell thickness de-
creases as the jet expands, or if the jet is not conical (e.g. paraboloidal, with
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FIGURE 4.16: Spectral evolution of the synchrotron spectral shape for a decaying
particle injection. Panel (a) shows how the spectral shape evolves, adopting a
decaying index for the injection rate y = 3 and a constant magnetic field. The
time goes from t = tinj (blue line) up to t = 10 × tinj (cyan line), with steps of tinj.
In panel (b) the blue line shows the corresponding α − F relation imposing that
the observing band is below the initial spectral peak, which ensures that the initial
photon index is ∼ 2/3. With different coloured points we indicate the evolution
in the α− F plane as a function of time, from t = tinj (blue point) up to t = 10× tinj
(cyan point), with steps of tinj.

r ∝
√

R).

4.2.3 Impact of temporal evolution of the comoving spectral
shape on the α − F relation

In the derivation of spectral evolution from adiabatic cooling, we implicitly
assumed that we are in the early post-prompt phase, namely where no more
particles are injected/accelerated and the particle distribution only evolves
according to the cooling processes. If adiabatic cooling is dominant, the
energy of all particles evolve at the same way, according to the following
equation:

γ3V′ = const, (4.31)

where γ is the Lorentz factor of the particle and V′ is the comoving volume.
Therefore the shape of the particle distribution, and hence of the spectrum,
does not change in time, but is only rigidly shifted at lower energies.
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FIGURE 4.17: Temporal evolution of the particle distribution for a decay of both
Ṅinj and magnetic field. The adopted parameters are y = 2 and λ = 2 for a, y = 4
and λ = 1 for b. The evolution is followed from t = tinj (blue line), which is the
standard γ−2 cooling branch of the distribution) up to t = 3.33 × tinj (grey line),
with steps of ∼ 4/3 tinj.

If adiabatic and radiative cooling are competing on comparable timescales,
in the post-prompt phase an exponential cutoff appears above the cooling
energy γc. If also the magnetic field decays, the adiabatic cooling tends to
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dominate with time and also the cutoff energy would eventually evolve ac-
cording to eq. 4.31, going again in the limit of rigidly shifted spectrum.
The assumption of rigidly shifted spectrum might not hold if the particle
injection gradually decreases in time, instead of ceasing abruptly. The tem-
poral evolution of particle distribution in case of decreasing injection of
particles is studied solving numerically the cooling equation

∂N
∂t

= Ṅinj −
∂

∂γ
(Nγ̇), (4.32)

where N(γ) = dNe/dγ (Ne being the number of emitting particles). The re-
sulting evolution of the synchrotron spectrum is shown in Fig. 4.16a, where
we assumed an injection term of the form Ṅinj ∝ (t/tinj)

−y, with y > 0, and
a constant magnetic field. Imposing that, at the beginning, the Fν peak is
just above the observing band, the resulting spectral evolution would be an
initial softening followed by a hardening, as shown in Fig. 4.16b. In the case
of a decay of both the magnetic field and Ṅinj, the corresponding effects on
the spectral shape tend to compensate each other (Panaitescu, 2019), giving
a bare modification of the spectral shape or even a hardening (see Fig. 4.17).
In conclusion, intrinsic modifications of the spectral shape can hardly give
an agreement with data comparable to the case of a rigidly shifting spec-
trum.

4.3 Conclusions

The α − F relation, found in our analysis, requires a mechanism that pro-
duces the X-ray tails of GRBs with a unique law of flux decay and spectral
softening. Although other scenarios cannot be ruled out, we find that adi-
abatic cooling of the emitting particles, together with a slowly decaying
magnetic field, is the most plausible scenario able to robustly reproduce
this relation. Our results suggest an efficient coupling between a slowly
decaying magnetic field and the emitting particles. Our findings are gen-
erally in agreement with moderately fast and slow cooling regimes of the
synchrotron radiation, which is able to reproduce the overall GRB spec-
tral features (Zhang, 2020). In the adiabatic cooling scenario, most of the
internal energy is not radiated away before the system substantially ex-
pands. If electrons are responsible for the emission, an extremely small
magnetic field would be required (Kumar and McMahon, 2008; Beniamini
and Piran, 2013; Beniamini et al., 2018), which is unrealistic for this kind
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of outflows. Protons radiating through synchrotron emission can solve this
problem (Ghisellini, 2020). Due to their larger mass, they radiate less ef-
ficiently than electrons, explaining why adiabatic cooling dominates the
spectral evolution.
In conclusion, our results indicate that adiabatic cooling can play a crucial
role for the collective evolution of the radiating particles in GRB outflows
and consequently for the determination of spectral and temporal properties
of prompt emission episodes. The coupling between particles and magnetic
field ensures the intrinsic nature and hence the universality of this process,
whose effects are independent of the global properties of the system, such
as the luminosity of the GRB or the geometry of the jet. The full work pre-
sented in this chapter has been published in Ronchini et al., 2021.

4.3.1 Impact of this study on the detectability of GRBs in
the multi-messenger context

The investigation of the prompt emission characteristic features is crucial
if we need to evaluate the detectability of GRBs with future high-energy
instruments. This, in turn, has deep impact on the prediction of future
multi-messenger detection of GRBs. In this regard, the role of the X-ray
steep decay could be relevant for the following reasons:

1. The prompt tail is clearly visible in the X-rays and it is characterised
by a gradual transition of the spectral peak towards lower energies.
This means that X-ray missions are ideal to continuously monitor the
full transition from the prompt to the afterglows phases. Depending
on the emission radius, Lorentz factor, jet structure and dominating
cooling processes, the typical duration of prompt tails can be compa-
rable or even larger than the duration of the prompt emission itself.
This implies that, taking into account the expected improvement of
future X-ray detectors, thanks to the relatively long duration of the
steep decay we will be able to perform detailed temporally-resolved
spectral analysis, as described in this chapter.

2. Currently, a considerable fraction of X-ray steep decays is missed due
to observational limitations. One of these is the amount of time δtslew
needed by Swift to point XRT in the GRB direction. This means that,
if the prompt tail starts at a time t0 after the trigger and lasts ∼ δt, the
steep decay is missed if δtslew > t0 + δt. This is commonly expected
for short GRBs, where usually t0 ≪ δtslew. In the future, sensitive
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wide-field X-ray monitors such as THESEUS, or Einstein Probe, will
have the chance to monitor the X-ray light curve from the trigger time,
allowing us to follow in detail the temporal and spectral evolution of
the steep decay. As shown in Sec. 4.4.1, the results of this chapter have
been exploited to perform a detailed assessment of the potentialities
of THESEUS for the investigation of the prompt emission and X-ray
steep decay (Ghirlanda et al., 2021).

3. In relation to the previous point about the detectability of short GRBs,
a precious help can come from 3G GW detectors. Indeed, as it will
be thoroughly discussed in Chapter 6, the access at lower frequencies
and the high signal-to-noise ratio by 3G detectors will make it pos-
sible to detect the GW signal before the merger and circulate early
warning alerts containing information about the sky location of the
source. This will enable us to point high-energy satellites toward the
source direction to catch the very first phases of the prompt emission.
This, in turn, would give the possibility to monitor the X-ray steep de-
cay also for short GRBs, possibly revealing helpful information about
the nature of the prompt emission

4. As shown in Ascenzi et al., 2020a, if the GRB is observed off-axis, the
prompt emission is fainter, but with a tail which has a less steep de-
cline. This means the possibility to monitor the prompt-to-afterglow
transition for a longer time. In addition, longer exposure times would
decrease the minimum detectable flux. The detection and character-
isation of off-axis prompt tails will give the chance to investigate the
jet structure and, in turn, its role for the multi-messenger detection of
GRBs.

4.4 Future prospects

4.4.1 The X-ray steep decay observed with THESEUS

As we mentioned before, one of the main current limitations of Swift is
that the soft X-ray emission (∼ 1 − 10 keV) cannot be monitored from the
very first instants after the GRB trigger. This represents an obstacle for a
systematic and complete analysis of the X-ray steep decay. Future missions,
such as THESEUS, will overcome this problem, thanks to the presence of a
wide field instrument, SXI, sensible in the soft X-rays.
I evaluated the potential of THESEUS/SXI regarding the investigation of
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FIGURE 4.18: Temporal sampling of THESEUS-SXI of the HLE from a structured
jet, at different viewing angles. The source is located at z = 0.5. Figure adapted
from Ghirlanda et al., 2021.

FIGURE 4.19: Simulated reconstruction of the spectral evolution during and after
the steep decay, using both XGIS and SXI.

the steep decay, testing its capacity both for the temporal sampling and
for the monitoring of the spectral evolution. In order to model the early
X-ray light curve, we assume that the emission is dominated by the HLE
from a structured jet. Moreover, we introduce for simplicity an empirical
evolution of the spectrum, where the peak energy decays as t−1, while the
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Time [s] αInput βInput Ep, Input [keV] α β Ep [keV]

10 −0.67 −2.3 100 −0.74 ± 0.04 −2.27 ± 0.08 120+10
−8

100 −0.67 −2.3 10 −0.72+0.27
−0.25 < −2.20 7.8+3.5

−1.6

1000 −0.67 −2.3 1 −1.12+0.50
−0.28 < −2.3 1.87+0.58

−0.47

TABLE 4.3: Comparison between injected and recovered parameters by
SXI+XGIS, for the analysis of the spectral evolution during and after the steep
decay.

spectral shape remains unchanged2. The assumed structure is:

Γ(ϑ) = (Γ0 − 1)
1

1 + (ϑ/ϑc)
s + 1

ϵ(ϑ) =
1

1 + (ϑ/ϑc)
s ,

where Γ(ϑ) and ϵ(ϑ) are the structures of the bulk Lorentz factor and the
emissivity, respectively, with ϑc = 2◦, Γ0 = 200 and s = 2.5. We also
assumed an emission radius R0 = 5 × 1015 cm and a prompt luminosity
Liso = 1052 erg/s. The normalisation of the light curve is chosen in such
a way that the peak luminosity in the soft X-rays is LX = 10−3Liso. The
light curve is computed at different viewing angles, ϑc = 0◦, ϑc = 5◦ and
ϑc = 10◦. The details to produce the angle-dependent light curve for a
structured jet are reported in Appendix B.1. The distance of the GRB is fixed
at z = 0.5. The temporal sampling is obtained knowing the SXI sensitivity
as a function of the exposure time. The results, shown in Fig. 4.18, demon-
strate that THESEUS is able not only to monitor in detail the soft X-ray
emission from the GRB trigger, including the steep decay, but also to detect
the HLE up to a viewing angle ∼ few θc. First, this has a relevant impact
for the investigation of the jet structure and its role for the appearance of
the X-ray light curve. A systematic monitoring from the GRB trigger for an
extended sample of GRBs can allow us to test whether a universal jet struc-
ture is a viable scenario. Second, the possibility to detect also off-axis events
is a major advantage for the study of sub-luminous GRB, orphan GRBs, to
perform more accurate population studies and improve our knowledge of

2As we saw in this chapter, HLE alone could be not enough to model the X-ray steep
decay and its spectral evolution. Though, we work in the rough approximation that HLE
dominates the flux and spectral evolution, since this simplification has a marginal effect
on the determination of the THESEUS performances.
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the GRB luminosity function.
THESEUS has also the right requirements to analyse in detail the spectral
evolution from the initial stages of the prompt emission up to the late time
afterglow, thanks to the wide spectral coverage offered by the combination
of SXI+XGIS. In order to test the instrumental performances in this regard,
we test how the spectral parameters would be recovered considering three
temporal bins in the light curve of Fig. 4.18(a), at 10 s, 100 s, and 1000 s,
roughly corresponding to the beginning of the steep decay, the transition
from steep decay to plateau and the end of plateau, respectively. The spec-
trum is assumed to be a SBPL and the injected parameters are α = −0.67,
β = −2.3 and an initial peak energy Ep = 100 keV. The simulated spectra
are reported in Fig. 4.19, while the comparison between injected and recov-
ered parameters is shown in Tab. 4.3.
These results show how missions like THESEUS will allow us to repeat
more in detail and in a systematic way the analysis presented in this chap-
ter. The wide spectral coverage of XGIS+SXI is essential to monitor the
spectral evolution in the prompt phase, during its tail and in the transition
to the afterglow phase, with the possibility of discerning between avail-
able physical scenarios. The wide field of both XGIS and SXI is also crucial
to monitor the very early stages of the soft/hard X-ray emission of short
GRBs, whose steep decay phase is still very poorly investigated, due to the
limitations of current instruments. Moreover, the so called extended emission
of short GRBs can be studied more in detail, whose origin is still unclear
(Ciolfi et al., 2021). The analysis and the results for the THESEUS perfor-
mances presented in this section have been reported in Ghirlanda et al.,
2021, where the authors show a comprehensive estimation of the impact
and potentiality of THESEUS for the open question of the GRB physics.
Similarly to THESEUS, also the space mission SVOM is expected to have
comparable performances in the analysis of the spectral evolution dur-
ing the early phases of the GRB emission. This is possible thanks to the
ECLAIRs coded mask telescope, whose sensitive band extends down to 4
keV, giving the possibility to monitor the full prompt emission tail, even
when the spectral peak migrates towards the soft X-rays.
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Chapter 5

The origin of the X-ray plateau

In this chapter we focus our attention on the X-ray plateau, another phase of the af-
terglow light curve whose origin and interpretation are still debated. The standard
emission from a decelerating forward shock can hardly explain such a flat temporal
behaviour and alternative scenarios have to be taken into account. Here we report
a detailed statistical study of a sample of GRBs with an X-ray plateau, exploring
the connection between different observables. This study is then followed by a com-
bined optical/X-ray spectral and temporal analysis during the plateau phase. The
observational results are discussed in terms of emission process, and comparing
several physical scenarios, including the energy injection from a spinning down
magnetar and the high latitude emission from a structured jet. The work and re-
sults presented in this chapter are summarised in Ronchini et al., 2022b, currently
submitted for publication.
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The X-ray plateau was first discovered thanks to the new capabilities
of Swift. The unique level of detail of the Swift-XRT light curves allowed
us to verify that in a large fraction of GRBs1 the X-ray light curve deviates
from a standard power law decline expected in the case of emission from
an external shock decelerating in the ISM. One possible scenario which can
explain a plateau phase in X-ray light curves assumes the injection of addi-
tional energy into the forward shock, due to late time activity of the central
engine. This last can be connected either to late-time fall-back material on
a BH or to the spin-down radiation from a fast rotating magnetar (Dai and
Lu, 1998b; Zhang and Mészáros, 2001b; Dall’Osso et al., 2011; Metzger et
al., 2011; Bucciantini et al., 2012). In such scenarios we do not see directly
the emission of the central engine, but rather the emission from the external
shock which is re-energised by the central engine activity.
A weak point against the validity of the energy injection scenarios is the ev-
idence of chromatic behaviours of the X-ray and optical light curves (e.g.,
Panaitescu et al. 2006). Indeed, for those GRBs that do not show a spectral
transition across the end time of the plateau, the post-plateau phase should
not be related to the evolution of the spectrum, but rather to an overall de-
cay of the bolometric flux. This would imply that both X-ray and optical
light curves should have a common trend, which is not usually observed
(e.g. Li et al. 2012; Li et al. 2015). Chromaticity is observed in several forms:
1) both X-ray and optical light curves show a shallow-to-normal decay, but
with different break times, 2) the optical does not show at all a temporal
break, 3) the optical light curve presents a completely different morphology,
consisting in single or multiple bumps that overlap to the normal power
law decay. While the first two cases can still be interpreted in the energy in-
jection scenario assuming a spectral break between optical and X-rays, the
third evidence can be hardly contemplated by energy injection scenarios.
Another evidence which weakens the validity of the energy injection sce-
nario is the presence in several GRBs of an X-ray plateau followed by a very
steep decline (temporal slope > 2− 3). Such sudden drop of the light curve
is incompatible with an external shock origin, since this would require an
un-physically small angular time scale, much smaller than the dynamical
time scale R/2cΓ2. Hence, since the origin is plausibly connected to an in-
ternal dissipation process (i.e., below the external shock radius), a plateau
followed by a steep decline is also known as internal plateau. Evidences of

1The exact fraction can change study by study, due to the quite strong dependence on
the selection criteria used to define the plateau sample. The differences may consist in
the specific functions used to fit the X-ray light curve, the requirement about the plateau
temporal slope, the availability of redshift or further cuts based on the data quality.
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internal plateaus are available both for long (Troja et al., 2007; Lyons et al.,
2010) and short (Rowlinson et al., 2010; Rowlinson et al., 2013) GRBs.
One possible solution, for both the evidence of chromaticity and internal
plateaus, may be the interpretation of the X-ray plateau as direct signature
of a wind powered by a spinning-down magnetar. Contrary to the energy
injection scenario, in this case the X-ray emission is directly coming from
the wind and the radiation is not reprocessed by the external shock. The
evolution and EM signature of a magnetar wind has been investigated both
in the case of a collapsar scenario (Metzger et al., 2014) and a BNS merger
scenario (Metzger and Piro, 2014; Ciolfi and Kalinani, 2020). In both cases,
the magnetar spin-down generates a wind of e−/e+ pairs followed by an
EM cascade, which ionises the circum-burst medium. Such radiation is ini-
tially trapped and tends to thermalise, until the medium expands enough
to become optically thin. In this case the expected EM transient would ap-
pear hours/days after the magnetar formation and it would peak in the
optical/UV with a quasi-thermal spectrum. If instead the e−/e+ pairs are
bright enough, the associated EM cascade can fully ionise the circum-burst
medium. This prevents the fully thermalisation of the spectrum and an
earlier non-thermal X-ray transient is expected, whose luminosity reflects
the spin-down evolution of the magnetar. In this scenario the sudden tran-
sition between the plateau phase and a very steep decline is identified as
the collapse of the meta-stable NS into a BH. Though, notice that also the
magnetar scenario as GRB central engine has some caveats and criticisms,
as pointed out by Beniamini et al., 2017.
If the magnetar wind is a distinct component with respect to the external
shock, then it is natural to expect that the two components are dominant at
different times and we could observe the transition from one emission site
to the other. This is what has been claimed by Hou et al., 2021, which find
several light curves following this behaviour:

FX ∝





t−α1 t < τ

t−α2 , τ < t < tc

t−q, t > tc

,

where the first two segments with α1 ∼ 0, α2 ∼ 2 represent the plateau and
post-plateau decay, while for t > tc the forward shock emission starts to
dominate. Generally, in the magnetar scenario, a value of α2 ∼ 2 indicates
that the light curve follows the spin-down luminosity which decays as t−2

as soon as t > τSD, while a value α2 ≫ 2 points toward a direct collapse
into a BH at tcoll ∼ τ.
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The X-ray plateau is also characterised by an empirical relation (Dainotti et
al., 2010), which relates the plateau luminosity Lp with its duration tp. The
general agreement, almost independent on the sample selection criteria, is
that Lp ∝ t−1

p , even if, due to the large intrinsic scatter, this relation is far
from being universal. Such a correlation would have a direct interpretation
in the framework of the magnetar scenario. Indeed the plateau luminosity
is a direct proxy of the initial spin down power, while the end of the plateau
occurs at a time which is around the spin down time scale τSD (Dainotti et
al., 2016; Dainotti and Del Vecchio, 2017; Stratta et al., 2018). Therefore
a relation Lptp ∼ const would indicate a quasi-common initial rotational
energy of the magnetar (Erot ∼ LSD(t = 0) ∗ τSD).
Nevertheless, regarding the plausibility of the magnetar origin of the X-ray
plateau, there are two main caveats that have to be taken into account:

1. All the GRBs showing an X-ray plateau should have a NS as progen-
itor which is stable against collapse for at least ∼ 103 − 104 s. Since
a large fraction of long GRBs shows a plateau, this would imply that
the probability that the final remnant of a massive star collapse is a
NS, instead of a BH, is quite high.

2. The magnetar should be able to launch a relativistic and collimated
outflow. This, based on current state-of-the-art simulation, it is not
clear yet, neither for merger-driven or collapsar driven GRBs (Ciolfi,
2020).

3. It is not clear whether the magnetic and rotational energy stored in the
magnetar are enough to power the prompt emission of all the GRBs
with evidence of an X-ray plateau.

Another effect which can explain the presence of plateaus in X-ray light
curves is the jet structure, both related to prompt emission (Oganesyan et
al., 2020a; Ascenzi et al., 2020c) and to afterglow emission from jets viewed
slightly off-axis (Beniamini et al., 2020a; Beniamini et al., 2020c; Beniamini
et al., 2022). Currently, both observations and numerical simulations indi-
cate that the structure of the jet can significantly deviate from the top-hat
approximation and this can have relevant consequences on the appearance
of the light curve, at all wavelenghts. In the approach of Oganesyan et al.,
2020b (extended to an off-axis observer in Ascenzi et al. 2020c), the photons
emitted during the prompt emission at large angles with respect to the jet
core arrive to the observer at late times and less Doppler boosted. In the
approximation of an instantaneous prompt emission and in the limit of an
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on-axis observer, there is a bi-univocal relation between the arrival time tobs
of the photon and θ, where θ is the polar angle between the jet axis and
the patch of the shock front from which the photon departed. Namely, the
flux observed at time tobs corresponds to the contribution from a jet ring at
a polar angle θ(tobs).
Generally, the HLE from a structured jet produces an X-ray light curve char-
acterised by steep-shallow-steep profile. The duration and steepness of the
intermediate shallower segment depends on the structure profile, as well as
on the radius and Lorentz factor of the jet core. Therefore the appearance
of an X-ray plateau lasting 102 − 104 s can be compatible with this scenario.
Moreover, as soon as we start to receive the photons from the external edges
of the jet wings, the light curve suddenly drops, due to a combined action of
the suppressed Doppler factor and local emissivity, as well as to the plau-
sible substantial increase of the optical depth. This phenomenology is in
agreement with the evidence of the internal plateau.
As shown in Appendix B.2, the observational properties of the plateau,
such as duration and luminosity, can be related to the jet structure proper-
ties. In the specific, it turns out that the plateau duration scales as tp ∝ Rθm

c ,
with R and θc the radius and the aperture of the jet core (0.5 ≲ m ≲ 1), while
the luminosity scales as Lp ∝ λLpeak/(θcΓ)2, where Lpeak is the peak lumi-
nosity of the prompt emission, λ is the fraction of prompt energy which is
released in X-rays and Γ the core Lorentz factor. As shown by Dainotti et al.
(2017), there exists a quite tight correlation between Lp − tp − Lpeak, in the
form

Lp ∝
L0.7

peak

tp
,

which is satisfied for a jet structure if:

θ2−m
c ∼ ∆Ω1−m/2 ∝

R
Γ2 ϵL0.3

peak,

where ∆Ω is the solid angle subtended by the jet core in the limit of small θc.
Namely, the empirical relation Lp − tp − Lpeak, if interpreted in the scenario
of prompt HLE form a structured jet, implies that the jet aperture scales
with the angular time scale R/2cΓ2. In the specific, for a fixed value of Γ a
jet which dissipates its internal energy at a larger radius has also a larger
aperture angle. This is in agreement with numerical simulations, which
show that, as soon as the jet successfully breaks out the envelope/ejecta, it
has no more pressure from the sides to keep the collimation. Hence, consid-
ering also the lateral expansion of the cocoon, a jet which is initially highly
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collimated is expected to increase its aperture angle as it propagates. The
duration and luminosity of the X-ray plateau would therefore depend on
the radius at which the release of the prompt emission occurs.
All the mentioned properties of the HLE from a structured jet make this
scenario a viable alternative for the interpretation of the X-ray plateau.
Though, given that both the HLE and the magnetar model can potentially
explain the temporal properties of the X-ray plateau, there is no definitive
answer about which one is more promising. For this reason, I analysed
a complete sample of data aiming at understanding the emission process
during the plateau phase and adding information to discern the best sce-
narios. Hence, in this chapter, after presenting the statistical properties of
the plateau sample in Section 5.1, we perform in Section 5.2 a systematic
analysis of the spectral properties of the plateau, combining both X-ray and
optical data. We conclude in Section 5.3 discussing the results and the rela-
tive impact. This work is described in Ronchini et al., 2022b and is currently
under review in A&A.

5.1 The sample of GRBs with an X-ray plateau

In this section we build the sample of all the GRBs with an X-ray plateau.
We consider all the GRBs detected with Swift in about 14 years (from 2005
up to end 2019) with an X-ray afterglow. In order to identify GRBs with ev-
idence of a plateau feature in their afterglow, we use the publicly available
Swift XRT Repository2 (Evans et al., 2007; Evans et al., 2009) and the pro-
vided data analysis tools to fit multiple power laws along the light curve
of each GRB. We select all the GRBs that present in the X-ray light curve
at least one segment with a temporal slope −0.8 ≤ α ≤ 0.8 within errors.
With these selection criteria, the sample consists of 424 GRBs. If we need to
derive the source-frame information, such as luminosity and plateau dura-
tion, we have to restrict our selection to GRBs with known redshift, reduc-
ing the sample size to 155 elements. In this selection we considered only
the GRBs with known prompt duration (1313 in total).

5.1.1 Statistical properties of the plateau sample

The statistical properties of the sample of GRBs with plateau, including the
GRB duration and the presence of redshift, are summarised in Tab. 5.1. We

2https://www.swift.ac.uk/xrt_live_cat/

https://www.swift.ac.uk/xrt_live_cat/
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P/T Z/T
P ∩ Z

Z
P ∩ Z

P
P ∩ Z

T
S/T

S ∩ Z
Z

S ∩ P
P

S ∩ P ∩ Z
P ∩ Z

32.3% 24.9% 47.4% 36.5% 11.8% 9% 4.3% 3.3% 2.6%

(a)

S ∩ Z
S

S ∩ P
S

S ∩ P ∩ Z
S ∩ Z

S ∩ P ∩ Z
S ∩ P

11.9% 11.8% 60.4% 61.0%

(b)

L ∩ Z
L

L ∩ P
L

L ∩ P ∩ Z
L ∩ Z

L ∩ P ∩ Z
L ∩ P

26.2% 34.3% 48.2% 36.8%

(c)

TABLE 5.1: Summary of the statistical properties of the plateau sample. With each
letter we indicate the set. The intersection between two sets A and B is A∩ B. The
meaning of the letters is: T=full sample, P=GRBs with X-ray plateau, Z=GRBs
with measured redshift, S=short GRBs, L=long GRBs.

notice that ∼ 32% of all GRBs presents an X-ray plateau, while ∼ 12% have
both an X-ray plateau and a measured redshift.
Looking at Tab. 5.1(b) and (c), the fraction of GRBs with plateau is ∼ 12%
(∼ 34%) for short (long) GRBs. This first evidence shows that the plateau
is observed more often in long GRBs. Though, this may be a mix of an in-
trinsic property (i.e., a plateau phase occurs more frequently in long GRBs)
and an observational bias. If, for instance, the occurrence of plateau in short
and long GRBs is intrinsically the same, but the short GRB plateaus have a
shorter duration, in this last case the plateau could be missed either because
the light curve is not well sampled, or Swift-XRT starts the monitoring after
the end of the plateau phase.
Additionally, restricting our considerations to GRBs with known redshift,
the percentages change substantially. Indeed, among the GRBs with mea-
sured redshift, the fraction of those with a plateau increases to ∼ 47%. This
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FIGURE 5.1: Comparison between the redshift distribution of all the GRBs, Nz(z),
and the GRBs with an X-ray plateau, Nplateau(z). The inset shows the redshift dis-
tribution of the ratio Nplateau/Nz. The error bars are computed assuming Poisson
fluctuations of the counts in each redshift bin.

evidence can have several possible explanations:

1. If the optical light curve follows the X-ray one, a longer optical emis-
sion implies more integrated flux and hence better spectral resolution.
This last helps in the identification of the spectral lines and hence for
the determination of the redshift.

2. The optical afterglow of GRBs with an X-ray plateau is intrinsically
brighter than the ones without plateau and therefore it is more prob-
able to determine the redshift.

3. The identification of the plateau phase may depend on redshift. This
is highly plausible, since GRBs at larger redshift have a lower X-ray
flux, implying that either the afterglow is no more detectable as it
drops below the instrument sensitivity, or it is barely detectable but
the light curve is not well sampled and the plateau is not statistically
evident.

The redshift distribution of the GRBs with plateau is shown in Fig. 5.1, with
a comparison with the full GRB redshift distribution. The inset indicates
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that, considering the sample of GRBs with redshift, the fraction of those
with plateau does not change significantly with z.
The effect on redshift selection is even more evident when we look at the
sub-samples of short and long GRBs with measured redshift. Indeed the
fraction of short (long) GRBs with plateau is ∼ 12% (∼ 34%), and this frac-
tion increases to ∼ 60% (∼ 48%) if we consider only the ones with red-
shift. Notice that, without considering the redshift availability, the fraction
of short GRBs with plateau is much lower than the one reported in Rowl-
inson et al., 2013, which finds that in a sample of 44 short GRBs around
half of them have an X-ray light curve compatible with a magnetar spin-
down emission. Though, this does not imply the evidence of an X-ray
plateau, because in many cases the light curve has temporal gaps such that
the presence of a flat power law segment for the light curve fit is not sta-
tistically required. Namely, even if potentially the magnetar model, which
presents a flat X-ray phase, is compatible with ∼ half of the X-ray light
curves of short GRBs, the fraction which statistically requires the presence
of a plateau could be much lower.

5.1.2 Luminosity-duration correlation in X-ray plateaus

For each GRB, we compute the X-ray plateau luminosity as the average
luminosity in the plateau temporal range. All the information about the
sample are summarised in Tab. 5.2, 5.3 and 5.4. As well known and deeply
investigated in previous studies (Dainotti et al., 2010), the plateau luminos-
ity Lp and duration tp show an anti-correlation, which is shown in Fig. 5.2.
The plateau energy defined as Eplateau = Lptp spans ∼six orders of mag-
nitude and it is clustered around 1050 − 1052 erg. Once the luminosity and
duration are interpolated with a relation in the form:

Lp = L∗
(

tp

t∗

)n
, (5.1)

we find a best fit for n = −1.15 ± 0.02, fully consistent with previous stud-
ies. The Lp − tp relation has a Pearson correlation coefficient Cp = −0.71
(p-value= 4 × 10−25). The vertical scatter of this relation is 1.58 dex (1σ
level of confidence). The vertical scatter is computed considering the 16th

and 84th percentile of the distribution of Lp/Lp,pre, where Lp,pre is the lumi-
nosity predicted by the best fit relation 5.1.
In Fig. 5.3 we show the same Lp − tp relation adding the dependence on
the duration of the GRB. For the duration, we adopt the t90 measured by
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FIGURE 5.2: The relation between luminosity and duration of the X-ray plateau.
The plateau duration is in source frame. The grey dashed lines are at constant
plateau energy Ep = Lptp. The red dashed line is the best fit interpolation with a
relation Lp ∝ tn. The green stars indicate short GRBs. For visibility reasons, error
bars are not reported. Usual errors associated to the estimation of the lumninosity
are ∼ 10%.

the Swift-BAT instrument. Fig. 5.3(a) indicates that longer GRBs prefer to
lay along lines corresponding to larger Eplateau. This evidence is even more
clear in Fig. 5.3(b), where we distinguish three GRB classes, based on the
t90: t90 < 2s, 2 < t90 < 10s and t90 > 10s. This is a first indication that the
properties of the plateau phase are connected to the prompt phase.
In order to further test if the typical prompt duration of GRBs with an X-
ray plateau is significantly different from the one of the full GRB sample,
we compare the t90 and the isotropic energy distribution in Fig. 5.4. The
histogram is normalised such that

∑ Ni∆i = 1,

where Ni and ∆i are the height and width of the bins. The panel (a) indicates
that:
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FIGURE 5.3: The panel (a) reports the Lp − tp relation with a colour bar indicating
the prompt phase duration t90. In panel (b) we distinguish three classes: t90 < 2s,
2 < t90 < 10s and t90 > 10s. The dashed lines have the same meaning of Fig. 5.2.

2 1 0 1 2 3
Log[t90(s)]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

N

t90-full sample
t90-plateau sample

(a)

48 49 50 51 52 53 54 55
Log[E(erg)]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

N

Eiso-full sample
Eplateau
Eiso-plateau sample

(b)

FIGURE 5.4: Panel (a): normalised histogram of the t90 for the GRBs with plateau
(orange) and the full sample of GRBs (blue). Panel (b): histogram of the plateau
energy (orange) and the prompt isotropic energy (green), compared with the
prompt isotropic energy of the full GRB sample (blue).

1. the t90 distribution of the GRBs with X-ray plateau shows a preference
towards larger t90, with respect to the full GRB sample;
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FIGURE 5.5: Panel (a): relation between the plateau energy and the t90. Panel
(b): Lp − tp − t90 relation. Panel (c): relation between the plateau energy and
the isotropic prompt energy. Panel (d): Lp − tp − Eiso relation. In panels (b) and
(d) the values of k and m are found minimising the vertical scatter of Lp. In
all the panels the red dot-dashed line is the best fit with a power law relation,
while the light and dark shaded regions represent the 1σ and 2σ vertical scatter,
respectively.

2. the ratio short/long GRBs is much smaller in the plateau sample, as
already shown in Tab. 5.1.

The lack of short GRBs with X-ray plateau, as mentioned in the previous
section, may be a combination of an intrinsic properties and observational
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GRB z s1 ti (s) t f (s) s2 F0.3−10 keV(erg cm −2 s−1) L0.3−10 keV(erg s−1)

050315 1.95 0.68 5321 168000 1.6 (4.25 ± 0.97)× 10−12 (1.20 ± 0.27)× 1047

050319 3.24 0.53 235 30200 1.4 (2.93 ± 0.62)× 10−11 (2.84 ± 0.60)× 1048

050401 2.90 0.58 133 4456 1.4 (2.33 ± 0.41)× 10−10 (1.73 ± 0.31)× 1049

050416A 0.65 0.60 85 3556 0.9 (2.76 ± 0.59)× 10−11 (5.12 ± 1.09)× 1046

050505 4.27 0.33 2833 7585 1.2 (2.38 ± 0.54)× 10−11 (4.46 ± 1.00)× 1048

050509B 0.23 0.39 62 65763 - (1.08 ± 0.31)× 10−13 (1.73 ± 0.49)× 1043

050730 3.97 -0.03 246 1927 1.0 (8.10 ± 1.23)× 10−10 (1.28 ± 0.19)× 1050

050802 1.71 0.73 606 9246 1.8 (4.86 ± 1.08)× 10−11 (9.89 ± 2.20)× 1047

050803 4.30 -0.16 364 14300 2.1 (2.60 ± 0.58)× 10−11 (4.95 ± 1.10)× 1048

050822 1.43 0.36 598 17500 1.0 (2.23 ± 0.48)× 10−11 (2.92 ± 0.63)× 1047

050824 0.83 0.66 6092 2095361 - (7.48 ± 1.84)× 10−13 (2.53 ± 0.62)× 1045

050904 6.29 0.49 1099 5420 1.8 (4.23 ± 0.94)× 10−11 (1.97 ± 0.44)× 1049

050922B 4.90 0.21 2137 130000 1.5 (1.61 ± 0.41)× 10−12 (4.17 ± 1.05)× 1047

051109A 2.35 0.56 199 6870 1.2 (3.89 ± 0.84)× 10−11 (1.73 ± 0.37)× 1048

051221A 0.55 0.48 1610 36700 1.4 (1.88 ± 0.45)× 10−12 (2.32 ± 0.56)× 1045

060115 3.53 0.66 656 36000 1.4 (3.14 ± 0.73)× 10−12 (3.74 ± 0.87)× 1047

060124 2.30 0.26 112 15100 1.1 (6.12 ± 0.79)× 10−09 (2.58 ± 0.33)× 1050

060204B 2.34 0.68 207 7603 1.5 (3.10 ± 0.49)× 10−10 (1.36 ± 0.21)× 1049

060218 0.03 -0.33 159 2570 5.3 (2.07 ± 0.29)× 10−09 (4.33 ± 0.61)× 1045

060306 1.55 0.57 187 6471 1.1 (2.58 ± 0.57)× 10−11 (4.12 ± 0.92)× 1047

060502A 1.51 0.58 252 26300 1.1 (1.49 ± 0.33)× 10−11 (2.23 ± 0.49)× 1047

060510B 4.90 0.19 127 263 5.6 (3.24 ± 0.43)× 10−09 (8.40 ± 1.13)× 1050

060526 3.21 0.37 518 20700 1.7 (1.40 ± 0.31)× 10−11 (1.33 ± 0.29)× 1048

060604 2.68 0.50 724 23800 1.2 (2.95 ± 0.72)× 10−12 (1.81 ± 0.44)× 1047

060605 3.80 0.44 189 5662 1.2 (2.18 ± 0.48)× 10−11 (3.09 ± 0.68)× 1048

060607A 3.08 0.49 394 12900 3.5 (1.72 ± 0.34)× 10−10 (1.47 ± 0.29)× 1049

060614 0.13 -0.03 1150 32400 1.3 (7.31 ± 1.62)× 10−12 (3.30 ± 0.73)× 1044

060707 3.43 0.57 626 109000 1.4 (7.08 ± 1.56)× 10−12 (7.86 ± 1.73)× 1047

060714 2.71 0.33 350 4187 1.3 (2.62 ± 0.58)× 10−11 (1.65 ± 0.37)× 1048

060719 1.53 -0.18 221 6792 1.2 (1.39 ± 0.30)× 10−11 (2.15 ± 0.47)× 1047

060729 0.54 0.28 460 13200 -0.4 (2.16 ± 0.48)× 10−11 (2.55 ± 0.57)× 1046

060814 1.92 0.63 810 21200 1.5 (1.34 ± 0.30)× 10−11 (3.63 ± 0.80)× 1047

060906 3.69 0.31 932 11300 1.7 (3.89 ± 0.91)× 10−12 (5.15 ± 1.20)× 1047

060908 1.88 0.70 80 926 1.5 (1.83 ± 0.35)× 10−10 (4.71 ± 0.90)× 1048

061021 0.35 0.46 342 2716 0.8 (8.19 ± 1.70)× 10−11 (3.44 ± 0.71)× 1046

061121 1.31 0.18 203 1238 0.9 (2.57 ± 0.48)× 10−10 (2.70 ± 0.51)× 1048

061202 2.25 0.36 594 23300 1.7 (1.55 ± 0.34)× 10−11 (6.20 ± 1.36)× 1047

061222A 2.09 0.33 210 2398 1.0 (2.04 ± 0.44)× 10−10 (6.81 ± 1.48)× 1048

070129 2.34 0.15 1455 14700 1.0 (3.66 ± 0.86)× 10−12 (1.61 ± 0.38)× 1047

070306 1.50 0.09 606 18600 0.8 (1.86 ± 0.41)× 10−11 (2.74 ± 0.60)× 1047

070328 2.06 0.32 156 616 1.3 (1.01 ± 0.18)× 10−09 (3.25 ± 0.57)× 1049

070419B 1.96 0.51 533 7943 1.3 (1.06 ± 0.23)× 10−10 (3.02 ± 0.67)× 1048

070506 2.31 0.55 424 8140 - (6.53 ± 1.41)× 10−12 (2.78 ± 0.60)× 1047

070508 0.82 0.72 221 1006 1.3 (1.40 ± 0.21)× 10−09 (4.60 ± 0.70)× 1048

070521 2.09 0.20 81 1402 1.2 (1.88 ± 0.42)× 10−10 (6.27 ± 1.41)× 1048

070802 2.45 0.18 524 8072 1.2 (3.05 ± 0.67)× 10−12 (1.50 ± 0.33)× 1047

070810A 2.17 0.39 102 1448 1.4 (4.04 ± 0.87)× 10−11 (1.48 ± 0.32)× 1048

071010B 0.95 0.66 6241 156128 - (5.49 ± 1.20)× 10−12 (2.60 ± 0.57)× 1046

071021 2.45 0.53 668 22300 1.1 (1.73 ± 0.40)× 10−11 (8.52 ± 1.96)× 1047

080207 2.09 -0.21 130 339 1.8 (2.78 ± 0.42)× 10−09 (9.28 ± 1.40)× 1049

080310 2.43 0.17 682 10900 1.6 (1.25 ± 0.23)× 10−10 (6.03 ± 1.10)× 1048

080413B 1.10 0.50 135 335 0.9 (2.50 ± 0.48)× 10−10 (1.70 ± 0.33)× 1048

080430 0.77 0.47 285 33200 1.1 (6.87 ± 1.55)× 10−12 (1.93 ± 0.44)× 1046

080602 1.82 0.02 145 461 0.7 (2.46 ± 0.50)× 10−10 (5.84 ± 1.19)× 1048

080604 1.42 0.53 6397 371394 - (1.44 ± 0.35)× 10−13 (1.85 ± 0.45)× 1045

080605 1.64 0.64 97 399 1.1 (1.23 ± 0.19)× 10−09 (2.26 ± 0.34)× 1049

TABLE 5.2: Summary data of the GRBs with an X-ray plateau. With s1 and s2
we indicate the plateau and post-plateau temporal slopes, respectively. ti and t f
are the initial and the final time of the plateau. Errors on s1, s2, ti and t f can be
found on the Swift public repository. The last two columns are the average flux
and luminosity of the X-ray plateau.
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GRB z s1 ti (s) t f (s) s2 F0.3−10 keV(erg cm −2 s−1) L0.3−10 keV(erg s−1)

080707 1.23 0.40 173 16300 1.3 (3.01 ± 0.70)× 10−12 (2.71 ± 0.63)× 1046

080721 2.60 0.62 113 357 0.9 (3.77 ± 0.51)× 10−09 (2.14 ± 0.29)× 1050

080905B 2.37 0.48 191 16000 2.4 (8.78 ± 1.94)× 10−11 (3.99 ± 0.88)× 1048

081007 0.53 0.70 226 31300 1.2 (1.56 ± 0.35)× 10−11 (1.76 ± 0.39)× 1046

081029 3.85 0.47 2711 17700 2.6 (7.82 ± 1.74)× 10−12 (1.14 ± 0.25)× 1048

081118 2.58 0.58 698 683657 - (2.22 ± 0.49)× 10−13 (1.24 ± 0.27)× 1046

081210 2.06 0.66 3917 167000 2.4 (1.35 ± 0.20)× 10−09 (4.35 ± 0.66)× 1049

081221 2.26 0.65 223 695 1.3 (4.53 ± 0.71)× 10−10 (1.83 ± 0.29)× 1049

090404 3.00 0.20 284 16600 1.2 (8.01 ± 1.79)× 10−12 (6.45 ± 1.44)× 1047

090418A 1.61 0.44 127 2654 1.5 (2.17 ± 0.44)× 10−10 (3.81 ± 0.78)× 1048

090423 8.20 0.01 80 5140 1.4 (9.01 ± 1.79)× 10−11 (7.73 ± 1.54)× 1049

090424 0.54 0.74 255 1757 8 (7.48 ± 1.43)× 10−10 (8.84 ± 1.69)× 1047

090510 0.90 0.68 98 1396 2.1 (1.52 ± 0.30)× 10−10 (6.29 ± 1.25)× 1047

090529 2.63 0.70 1191 968777 - (7.52 ± 1.93)× 10−13 (4.40 ± 1.13)× 1046

090530 1.27 0.61 151 52700 1.3 (7.71 ± 1.76)× 10−12 (7.51 ± 1.71)× 1046

090618 0.54 0.58 366 4008 1.3 (5.72 ± 0.90)× 10−10 (6.76 ± 1.06)× 1047

090709A 1.80 -0.03 179 1101 1.4 (1.29 ± 0.20)× 10−09 (2.98 ± 0.46)× 1049

090715B 3.00 -0.05 52 124 3.7 (5.22 ± 0.79)× 10−09 (4.20 ± 0.63)× 1050

090812 2.45 0.42 96 196 5.9 (3.44 ± 0.46)× 10−09 (1.69 ± 0.23)× 1050

090927 1.37 0.20 2144 10900 1.2 (3.28 ± 0.79)× 10−12 (3.86 ± 0.93)× 1046

091018 0.97 0.47 67 537 1.1 (3.04 ± 0.56)× 10−10 (1.51 ± 0.28)× 1048

091029 2.75 0.31 304 15600 1.16 (1.52 ± 0.34)× 10−11 (9.91 ± 2.19)× 1047

100219A 4.67 0.59 495 33400 3.6 (1.34 ± 0.30)× 10−11 (3.10 ± 0.70)× 1048

100302A 4.81 0.45 296 29300 0.9 (5.01 ± 0.78)× 10−10 (1.24 ± 0.19)× 1050

100316B 1.18 0.10 76 1061 1.2 (1.43 ± 0.32)× 10−11 (1.16 ± 0.26)× 1047

100316D 0.06 0.12 144 699 1.9 (2.29 ± 0.35)× 10−09 (2.00 ± 0.30)× 1046

100418A 0.62 -0.20 630 69000 1.4 (7.87 ± 2.02)× 10−13 (1.30 ± 0.33)× 1045

100425A 1.76 0.58 320 43900 1.2 (1.60 ± 0.38)× 10−12 (3.50 ± 0.82)× 1046

100615A 1.40 0.32 176 15600 1.2 (3.90 ± 0.87)× 10−11 (4.84 ± 1.07)× 1047

100621A 0.54 0.36 498 5942 1.2 (1.12 ± 0.25)× 10−10 (1.32 ± 0.29)× 1047

100814A 1.44 0.31 645 49200 3.9 (1.45 ± 0.32)× 10−11 (1.93 ± 0.42)× 1047

110213A 1.46 -0.24 144 1458 1.1 (2.84 ± 0.62)× 10−10 (3.91 ± 0.85)× 1048

110715A 0.82 0.56 97 1570 1.5 (7.31 ± 1.14)× 10−10 (2.40 ± 0.37)× 1048

110808A 1.35 0.71 378 830597 - (7.25 ± 1.47)× 10−13 (8.22 ± 1.67)× 1045

111008A 4.99 0.01 334 3026 1.1 (5.59 ± 1.22)× 10−11 (1.51 ± 0.33)× 1049

111209A 0.68 0.24 425 935 1.2 (8.18 ± 0.58)× 10−09 (1.70 ± 0.12)× 1049

111228A 0.71 0.45 411 17200 2.9 (3.15 ± 0.70)× 10−11 (7.26 ± 1.60)× 1046

111229A 1.38 0.00 94 8749 2.9 (1.05 ± 0.23)× 10−11 (1.26 ± 0.28)× 1047

120118B 2.94 -0.33 314 2697 1.0 (8.72 ± 1.93)× 10−12 (6.68 ± 1.48)× 1047

120326A 1.80 0.20 251 68100 1.9 (8.83 ± 1.96)× 10−12 (2.04 ± 0.45)× 1047

120327A 2.81 0.62 215 2798 1.5 (1.12 ± 0.24)× 10−10 (7.69 ± 1.63)× 1048

120404A 2.87 0.12 514 2924 1.8 (2.72 ± 0.59)× 10−11 (1.97 ± 0.43)× 1048

120422A 0.28 0.30 374 169000 1.2 (2.72 ± 0.62)× 10−13 (6.81 ± 1.54)× 1043

120521C 6.00 0.71 343 70183 - (2.06 ± 0.50)× 10−12 (8.58 ± 2.09)× 1047

120724A 1.48 0.40 818 24554 - (8.04 ± 1.88)× 10−13 (1.14 ± 0.27)× 1046

120802A 3.80 0.36 264 17563 - (3.84 ± 0.90)× 10−12 (5.45 ± 1.27)× 1047

120811C 2.67 0.47 242 2747 1.2 (5.74 ± 1.27)× 10−11 (3.48 ± 0.77)× 1048

120907A 0.97 0.40 94 1577 1.1 (6.25 ± 1.38)× 10−11 (3.11 ± 0.69)× 1047

121027A 1.77 0.36 829 132000 1.4 (9.82 ± 1.49)× 10−10 (2.18 ± 0.33)× 1049

121128A 2.20 0.56 154 1503 1.6 (1.92 ± 0.41)× 10−10 (7.27 ± 1.54)× 1048

121211A 1.02 0.30 115 1088 3.5 (5.76 ± 0.75)× 10−09 (3.25 ± 0.42)× 1049

130408A 3.76 0.45 154 3531 1.6 (1.02 ± 0.21)× 10−10 (1.41 ± 0.29)× 1049

130420A 1.30 0.73 743 36400 1.1 (9.85 ± 2.19)× 10−12 (1.02 ± 0.23)× 1047

130603B 0.36 0.15 63 380 0.8 (8.37 ± 1.66)× 10−11 (3.76 ± 0.75)× 1046

130702A 0.15 0.56 99 155000 1.2 (9.99 ± 2.08)× 10−11 (6.17 ± 1.28)× 1045

131103A 0.60 0.38 130 1610 1.1 (3.34 ± 0.44)× 10−09 (5.10 ± 0.67)× 1048

131105A 1.69 0.32 365 5915 1.2 (2.58 ± 0.57)× 10−11 (5.10 ± 1.13)× 1047

TABLE 5.3: Continued

biases. In panel (b) of Fig. 5.4 we show the comparison between the dis-
tribution of the plateau energy, the Eiso of GRBs with plateau and Eiso of
the full sample of GRBs. These distributions are relative only to GRBs with
available Eiso, which is taken by Jia et al., 2022. The sample of all GRBs with
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GRB z s1 ti (s) t f (s) s2 F0.3−10 keV(erg cm −2 s−1) L0.3−10 keV(erg s−1)

140206A 2.73 0.68 155 8669 1.7 (2.55 ± 0.35)× 10−09 (1.63 ± 0.22)× 1050

140301A 1.42 0.72 313 93080 - (1.19 ± 0.22)× 10−10 (1.53 ± 0.29)× 1048

140304A 5.28 0.26 89 1524 2.6 (2.09 ± 0.43)× 10−10 (6.46 ± 1.32)× 1049

140419A 3.96 0.48 1177 3326 1.4 (1.64 ± 0.36)× 10−10 (2.57 ± 0.56)× 1049

140430A 1.60 0.64 413 33700 1.1 (3.45 ± 0.78)× 10−12 (5.96 ± 1.35)× 1046

140512A 0.73 0.72 266 6982 1.1 (9.04 ± 2.14)× 10−09 (2.23 ± 0.53)× 1049

140518A 4.71 0.24 257 3265 1.9 (1.76 ± 0.39)× 10−11 (4.16 ± 0.92)× 1048

140703A 3.14 -0.17 336 7430 1.7 (4.49 ± 1.00)× 10−11 (4.03 ± 0.90)× 1048

140903A 0.35 0.19 74 8035 1.2 (1.59 ± 0.33)× 10−11 (6.68 ± 1.39)× 1045

141121A 1.47 0.31 24500 308000 2.2 (1.07 ± 0.26)× 10−12 (1.50 ± 0.37)× 1046

150323A 0.59 0.43 469 11000 1.1 (4.27 ± 1.00)× 10−12 (6.25 ± 1.46)× 1045

150403A 2.06 0.38 81 517 0.6 (3.72 ± 0.58)× 10−09 (1.20 ± 0.19)× 1050

150821A 0.76 0.49 250 633 2.3 (1.45 ± 0.22)× 10−09 (3.95 ± 0.60)× 1048

150910A 1.36 0.19 231 977 0.8 (4.88 ± 0.77)× 10−10 (5.63 ± 0.89)× 1048

150915A 1.97 0.37 1592 126036 - (2.37 ± 0.48)× 10−13 (6.84 ± 1.37)× 1045

151027A 0.81 0.06 538 1807 0.8 (3.92 ± 0.63)× 10−10 (1.25 ± 0.20)× 1048

151027B 4.06 0.65 342 46300 1.4 (5.10 ± 1.16)× 10−12 (8.47 ± 1.93)× 1047

151031A 1.17 0.67 443 105851 - (2.99 ± 0.70)× 10−12 (2.37 ± 0.56)× 1046

160121A 1.96 0.32 212 20900 2.1 (4.73 ± 1.10)× 10−12 (1.35 ± 0.31)× 1047

160227A 2.38 0.23 1618 21800 1.7 (1.94 ± 0.43)× 10−11 (8.90 ± 1.97)× 1047

160509A 1.17 0.65 7271 40100 1.3 (3.38 ± 0.75)× 10−11 (2.68 ± 0.59)× 1047

160804A 0.74 0.29 1185 14700 0.9 (4.39 ± 1.01)× 10−12 (1.12 ± 0.26)× 1046

161014A 2.82 0.51 125 2037 1.6 (2.62 ± 0.51)× 10−10 (1.82 ± 0.36)× 1049

161017A 2.01 -0.10 68 190 1.4 (4.02 ± 0.61)× 10−09 (1.22 ± 0.18)× 1050

161117A 1.55 0.48 575 8871 1.2 (3.37 ± 0.74)× 10−11 (5.38 ± 1.18)× 1047

161219B 0.15 0.76 2517 214000 7.0 (5.39 ± 0.86)× 10−10 (3.33 ± 0.53)× 1046

170113A 1.97 0.48 327 4036 1.2 (9.70 ± 2.13)× 10−11 (2.80 ± 0.61)× 1048

170202A 3.65 -0.09 345 2228 1.1 (3.59 ± 0.80)× 10−11 (4.63 ± 1.03)× 1048

170604A 1.33 0.72 128 8375 1.2 (4.50 ± 0.89)× 10−09 (4.91 ± 0.97)× 1049

170705A 2.01 0.37 809 6966 1.6 (5.42 ± 1.21)× 10−11 (1.64 ± 0.37)× 1048

171205A 0.04 -0.15 5956 90800 1.1 (9.13 ± 2.14)× 10−13 (3.45 ± 0.81)× 1042

171222A 2.41 0.01 2228 27200 0.7 (8.63 ± 2.12)× 10−13 (4.08 ± 1.00)× 1046

180115A 2.49 0.65 271 8452 1.3 (1.70 ± 0.38)× 10−11 (8.71 ± 1.94)× 1047

180325A 2.25 0.24 237 2079 2.0 (7.33 ± 1.40)× 10−10 (2.93 ± 0.56)× 1049

180329B 2.00 0.38 174 7961 1.6 (2.41 ± 0.33)× 10−09 (7.22 ± 0.98)× 1049

180404A 1.00 0.28 237 17800 1.4 (4.20 ± 0.88)× 10−12 (2.26 ± 0.47)× 1046

180620B 1.12 0.53 459 47000 1.2 (2.30 ± 0.50)× 10−11 (1.64 ± 0.36)× 1047

180720B 0.65 0.55 1020 3176 1.4 (2.50 ± 0.38)× 10−09 (4.64 ± 0.70)× 1048

180728A 0.12 0.31 7316 22700 1.3 (1.40 ± 0.31)× 10−10 (5.32 ± 1.18)× 1045

181010A 1.39 0.65 97 2884 1.2 (1.94 ± 0.39)× 10−10 (2.36 ± 0.48)× 1048

181020A 2.94 0.00 5623 14200 2.5 (4.32 ± 0.96)× 10−11 (3.31 ± 0.74)× 1048

190106A 1.86 0.05 369 4852 1.1 (8.43 ± 1.83)× 10−11 (2.11 ± 0.46)× 1048

190114A 3.38 -0.01 410 2506 1.2 (3.36 ± 0.75)× 10−11 (3.60 ± 0.80)× 1048

190627A 1.94 0.11 122 21700 1.5 (1.12 ± 0.25)× 10−11 (3.11 ± 0.70)× 1047

190829A 0.08 0.57 103 140000 1.2 (6.27 ± 1.01)× 10−10 (1.00 ± 0.16)× 1046

191011A 1.72 0.30 84 874 1.3 (2.38 ± 0.53)× 10−11 (4.92 ± 1.09)× 1047

191221B 1.15 0.60 388 1291 1.5 (7.06 ± 1.07)× 10−10 (5.37 ± 0.81)× 1048

TABLE 5.4: Continued

available Eiso consists of 221 elements, 32 of which have an X-ray plateau.
The plot shows no significant difference in the distribution of Eiso between
GRBs with plateau and the full GRB sample. Moreover the distribution of
the plateau energy is shifted at lower values by ∼ 1− 1.5 dex, but it is more
scattered. The evidences shown above indicate that the plateau energy
may be correlated both with the GRB duration and the isotropic prompt
energy. In Fig. 5.5 (a) and (c) we show the scatter plots of Eplateau − t90
and Eplateau − Eiso. The correlation coefficient is C f = 0.11 (p-value=0.16)
for the Eplateau − t90 relation and C f = 0.68 (p-value=1.8 × 10−5) for the
Eplateau − Eiso relation. Once fitted with a power law relation y ∝ xm, we
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find a best fit value m = 0.59 ± 0.06 (1.39 dex of vertical scatter) for the
Eplateau − t90 relation and m = 0.99 ± 0.04 (1.21 dex of vertical scatter) for
the Eplateau − Eiso relation.
If the vertical scatter of the Lp − tp relation is mainly due to a large scatter on
the plateau energy and the latter one is correlated with other observables,
the Lp − tp relation can be re-normalised, with the aim of shrinking the scat-
ter. We tried this first using the Eplateau − t90 relation. The re-normalisation
is done introducing a third variable, combination of tp and t90:

log u = k log t90 + m log tp.

Analogously, the same procedure can be adopted exploiting the Eplateau −
Eiso correlation. In this case the new variable would be:

log u = k log Eiso + m log tp.

The values of m and k are found minimising the vertical scatter of the Lp −u
relation. In the specific, the couple of values (m,k) which minimise the
scatter is found adopting the following procedure:

1. we fit with a relation log Lp = A − log u relation, keeping only A as
free parameter;

2. we compute the dispersion as3

δ(m, k) = ∑
i

log[Lp,i/(A − log ui)];

3. we iterate the procedure until the absolute minimum of δ(m, k) is
found.

In conclusion we find:

• For the Lp − tp − t90 relation the scatter is minimised for:

m = 0.86, k = −1.07.

The correlation coefficient (vertical scatter) increases (decreases) from
C f = −0.71 (1.58 dex) for the Lp − tp relation to C f = −0.74 (1.27 dex)
for the Lp − tp − t90 relation.

3The sum can be computed also as ∑i log[Lp,i − (A − log ui)], but this choice has no
relevant impact on the final minimization of the correlation scatter.
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• For the Lp − tp − Eiso relation the scatter is minimised for:

m = 0.96, k = −0.80.

The correlation coefficient (vertical scatter) increases (decreases) from
C f = −0.76 (1.24 dex) for the Lp − tp relation4 to C f = −0.87 (0.83
dex) for the Lp − tp − Eiso relation.

The fact that the Eplateau − Eiso relation is more strongly correlated than the
Eplateau − t90 one explains why the Lp − tp − Eiso relation is less scattered
that the Lp − tp − t90 one. Our results about the correlation between plateau
and prompt emission parameters can be compared with the results pre-
sented in Ding et al., 2022. The authors extensively test the correlation be-
tween the X-ray plateau parameters (luminosity, starting and ending time)
with the prompt emission parameters (e.g., Eiso, peak luminosity, fluence).
In the specific, their best fit parameters of the Lp − tp − Eiso relation are
m = 0.95 ± 0.07 and k = −0.71 ± 0.06, very close to the ones presented
here. Moreover, among all the three-parameters tested by the authors, the
Lp − tp − Eiso relation results to be the one with highest correlation coeffi-
cient and one of the less scattered. Another interesting relation previously
found in literature, which relates the prompt emission properties with the
ones of the plateau, is the Lp − tp − Lpeak, where Lpeak is the peak lumi-
nosity during prompt emission (e.g., Dainotti et al. 2017). It is necessary
to clarify that the significance reported for the analyzed correlations may
depend on the sample size. This means that if, for selection reasons, the
sample size is reduced, then the probability that the correlation is spurious
is higher. Therefore the comparison of correlation significance is meaning-
ful only for samples of comparable size.
The above considerations imply that it is possible to obtain a tighter corre-
lation between Lp and tp re-scaling the plateau luminosity by the prompt
isotropic energy (or peak luminosity). Therefore, even if a non-negligible
residual scatter remains (∼1 dex), these results could indicate the exis-
tence of a quasi-common energy reservoir for the X-ray plateau, once re-
normalised to the prompt emission energetics. The origin of the residual
scatter can be ascribed to the fact that a universal energy reservoir does not
necessarily ensures a universal observed energy of the plateau. Indeed, a
universal radiated energy in the plateau phase would require that 1) the
radiation and dissipation processes are also common, 2) the efficiency in

4The correlation and vertical scatter of the Lp − tp relation are different from the values
reported before because in this case the relation is limited only to GRBs with available
estimate of Eiso
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FIGURE 5.6: Panel (a), the vertical scatter of the Lp − tp relation . The red dashed
line is the best fit interpolation with a relation Lp ∝ tn. The light and dark shaded
regions represent the 1σ and 2σ vertical scatter, respectively. Panel (b): compar-
ison between the Lp − tp relation and the L∗ − tp relation. The details about the
choice of L∗ are described in the text. Here Ep is the plateau energy, k = 3 and
E0 = 1055 erg.

conversion from the energy reservoir to the radiated output is common, 3)
the X-ray luminosity represents always a good proxy of the bolometric lu-
minosity (not true if most of the energy is radiated at other wavelengths).

In order to address better this point, in the following we show whether
a quasi-universal energy reservoir is compatible with the observed Lp − tp
relation. To be as much general as possible, we do not specify which is the
origin of the energy reservoir. For instance, for a scenario with magnetar-
powered plateau emission, the reservoir is represented by the initial ro-
tational energy of the NS. In the HLE from a structured jet, instead, the
reservoir is related to the entire prompt energy released on the full surface
of the jet. If the energy during the plateau is released in a time scale tres,
the relation between the observed X-ray plateau luminosity and the energy
reservoir Eres can be written as:

Lp ∼ ϵrϵsEres/tres,

where we introduce ϵr and ϵs as two conversion factors which take into
account the fraction of the reservoir energy Eres which is radiated (which
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mostly depends on the dissipation mechanism) and the fraction of radi-
ated energy which falls in the observed band (which mostly depend on the
dominant radiative process and the resultant spectrum). As a rough ap-
proximation, we assume that both ϵr and ϵs dominantly depend only on
the reservoir energy Eres and mildly on other physical parameters. There-
fore we can factorise ϵrϵs = ϵ(Eres), and we can write:

Eplateau = ϵ(Eres)Eres.

We highlight that, from a physical point of view, the conversion efficiency of
a dissipation mechanism should not depend on the amount of the energy
reservoir, but mainly on the specific microphysics of the process. There-
fore is more plausible that most of the dependency of ϵ(Eres) resides in ϵs,
namely in the dependence of the spectral peak on the energy reservoir.
Here we make a further ansatz, assuming that ϵ increases with Eres as:

ϵ (Eres) =





ϵmax , Eres > Emax

ϵmax

(
Eres

Emax

)k
, Eres < Emax

, (5.2)

with k > 0 and ϵmax ≤ 1. This means that we can reverse the relation
and obtain Eres as a function of the plateau energy. We can finally define a
luminosity of the reservoir as:

Lres = Eres/tres = Lp/ϵ = Lp

(Eplateau

Emax

)− k
1+k

.

It can be shown that, if the vertical scatter of the Lp − tp relation is δ, then the

corresponding scatter for the Lres − tp relation would be δ
1

1+k . This means
that the Lres − tp relation becomes a universal relation (δ → 0) only if k →
∞. Though, this limit is un-physical, because it would require an efficiency
ϵ which drastically depends on the initial energy reservoir. However, it is
instructive to see how the Lres − tp relation would appear for reasonable
values of k, if we make the substitution

Lp → Lres = L∗ = Lp

(Eplateau

Emax

)− k
1+k

.

In Fig. 5.6(b) we show the Lp − tp and L∗ − tp relation fixing k = 3 and
Emax = 1055 erg. It is evident that the re-normalised plateau luminosity
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L∗ has a much stronger correlation with tp and all the points are tightly
clustered around a line with E = L∗tp ∼const. Hence, this demonstrates
that, in principle, the existence of a relation like eq. 5.2 would justify how a
quasi-universal energy reservoir can be compatible with the observed Lp −
tp relation.

5.2 Combined X-ray and optical analysis of the X-
ray plateau

In this section we perform a systematic analysis of the X-ray and optical
emission during and after the plateau phase. The aim is to carry out a
time resolved spectral analysis in the X-rays and for each temporal bin test
whether both X-rays and optical are compatible with a single synchrotron
spectral component. Several GRBs show a plateau phase also at optical
wavelengths (e.g. Si et al. 2018; Dainotti et al. 2020), but a comprehensive
consistency check of X-ray and optical light curves within the afterglow
model is still confined to a few cases (e.g. Gompertz et al. 2015; Zhang et al.
2018).
Regarding the sample selection, we start from the sample of GRBs with
an X-ray plateau with available redshift, defined in the previous section.
In addition, in order to select a plateau long enough to have a sufficient
number of photons to perform a time-resolved spectral analysis, we also
discard all GRBs where t f /ti < 2, where ti and t f are the initial and final
time of the plateau, respectively.

5.2.1 X-ray plateau optical counterpart sample

In order to investigate on the broad-band properties of the plateau, in this
work we focus on a sample subset with multi-band optical/NIR follow-
up during the X-ray plateau phase. Specifically, we select GRBs for which
multi-band data during the X-ray plateau and post-plateau phase are
enough to perform a time resolved spectral analysis (see next section).

The optical sample is based on selection criteria and methods originally
presented in Kann et al., 2006. The sample includes GRBs with afterglow,
redshift and good coverage in the UV/optical/NIR domain and is based
on the updated sample and analysis of works in preparation (Kann et al.
2023a,b,c, in prep.). For this work in particular, we have re-analyzed GRB
110213A, while the analysis of GRB 180728A is taken from Rossi et al. (in



5.2. Combined X-ray and optical analysis of the X-ray plateau 115

prep.). Hereby, we assume achromaticity and that all bands follow the same
temporal evolution. Such an assumption is justified both by theoretical and
observational evidences. Indeed, several works demonstrated that the op-
tical emission follows the same temporal trend, independently on the spe-
cific adopted filter (e.g., see Harrison et al. 1999; Xu et al. 2009; Filgas et al.
2011; Filgas et al. 2012; Greiner et al. 2013a). Any contribution to the after-
glow flux from the presence of the GRB host galaxy and/or an associated
supernova has been subtracted. The spectral energy distributions are fitted
with local dust extinction laws (Pei, 1992), determining the intrinsic spec-
tral slope β0 and the extinction in the rest-frame V band AV (in mag). Using
the method of Kann et al., 2006, the light curves are then corrected for line-
of-sight extinction. The achromatic nature of the light curves allows us to
shift data from other bands to the common RC band, creating a maximally
dense light curve for each analyzed GRB afterglow. Please note that we use
results based only on the optical/NIR SED. We report the AV value of each
GRB of our sample in Table 5.6. Most of these measurements are found in
the work presented in Kann et al., 2010; Kann et al., 2011 and Kann et al.
2023a,b,c, in prep. There are a few cases (indicated in the table) where we
refer to works dedicated to single events. Our final sample of GRBs with
X-ray plateau and optical counterparts consists of 30 events. General in-
formation of the full GRB sample, including burst duration, redshift and
energetics, are quoted in Tab. 5.5.

5.2.2 Data analysis

Our goal is to verify that both the optical and X-ray emission during the
X-ray plateau are consistent at each time with a single synchrotron com-
ponent. To achieve this goal we perform a time resolved spectral analy-
sis in the XRT band, fitting the X-ray data with a single absorbed power
law. From this analysis we derive the X-ray flux and the photon index.
We then extrapolate the expected flux in the optical regime at the X-ray
binning times (see below and Fig. 5.7), and we check whether the extrap-
olation is compatible with the optical observations shifted to the RC band
(see sec. 5.2.1).

X-ray time resolved spectral analysis

The X-ray light curves have been re-binned imposing that the number of
counts per bin in the band (0.5-10) keV is above a certain threshold N0 and
we choose N0 > 500 counts. For bins with N0 < 500 the spectral analysis
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FIGURE 5.7: Schematic representation of the method used to compare X-ray and
optical data. Fm,opt and FM,opt are the minimum and maximum optical fluxes
allowed by the standard afterglow model assuming that there is a single break
νopt < νb < νX. FX, Fopt and the X-ray spectral slope are derived from spectral
analysis. Therefore, if Fm,opt < Fopt < FM,opt, we then consider that the optical
counterpart is consistent with a single synchrotron spectrum and we can derive
νb. The blue line has no break, the orange line has νb = νX, while the green line
has a break between optical and X-ray.

gives too large errors on the parameters or the fit does not converge at all,
due to the noisiness of the spectrum. Since the X-ray light curves present
some observational gaps, the temporal length is not the same for all the
bins. Moreover, given the criteria described above, the bin length tend to
be larger in the post-plateau phase, where the count rate decreases.
We perform for each bin a spectral analysis using XSPEC, version 12.10.1
and PyXspec. We consider only photons in the band E = 0.5− 10 keV. Each
spectrum is modeled by adopting an absorbed power law and for the ab-
sorption we use the Tübingen-Boulder model (Wilms et al., 2000). Since for
all the GRBs of our sample the redshift is known, we distinguish a Galac-
tic absorber and the host galaxy absorber. The Galactic absorption is taken
from Kalberla et al., 2005. The specific syntax in XSPEC is tbabs*ztbabs*po.
The estimation of the host equivalent hydrogen column density NH is per-
formed on the time-integrated spectrum of the post-plateau phase, where
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we do not expect strong spectral evolution, as verified by Butler and Ko-
cevski, 2007 and Mu et al., 2016. Once the host NH is determined, it is fixed
to be the same for all the bins of the light curve. The only free parameters
are photon index and normalization. Such a procedure is preferred to the
case of leaving the host NH as a free parameter, because of the degeneracy
between photon index and column density.

Comparison of optical and X-ray data

In this section we show a method to derive the overall spectral properties of
the plateau and post-plateau phases, exploiting the knowledge of the X-ray
flux, the optical flux and the X-ray photon index. In the synchrotron sce-
nario, two characteristic frequencies are defined: 1) the cooling frequency
νc, which is associated with the cooling Lorentz factor γc = 6πmec

σTtB2 , where
the time t and the magnetic field B are defined in the comoving frame; 2)
the frequency νm, associated with the minimum Lorentz factor γm of the
electron energy distribution. In the following, we work in the assumption
of a slow cooling regime, namely νm < νc, as commonly found in GRB af-
terglows. Indeed, computing the ratio between the cooling frequency νc
and νm (Sari et al., 1998a), we have:

νc

νm
∼ 105ε−2

B,−3E−1
52 n−1ε−2

e,−1td(1 + Y)−2, (5.3)

where ϵB and ϵe are the fraction of energy that goes to magnetic field and
electrons, respectively, E is isotropic kinetic energy, n the circum-burst den-
sity, td the time measured in days and the Y parameter indicated the rel-
evance of the SSC component (we adopt the notation QX = Q/10X). In
Appendix C.1 we show how the ratio νc/νm depends of the Y parameter.
We find that, for typical micro-physical values, it is more plausible to have
νc > νm, even if the opposite regime cannot be rejected a priori (discussed
later in this section) In the slow cooling regime, we expect that the flux
density goes like:

Fν ∝ ν−β

for ν > νc and
Fν ∝ ν−(β−1/2)

for ν < νc, where β = p/2 and p is the power law index of the particle
distribution. If νc < νopt then optical and X-ray flux can be connected with
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a single power law with spectral index β. In this case we define5:

FM,opt = FX(νopt/νX)
−β.

If, instead, νopt < νc < νX the optical flux is below the spectral extrapolation
from X-rays assuming a single power law, i.e. Fopt < FM,opt. The minimum
expected optical flux corresponds to the case in which νc ∼ νX or νc > νX
and in this case we define

Fm,opt = FX(νopt/νX)
−(β−1/2).

Therefore, whenever Fm,opt < Fopt < FM,opt, optical and X-ray emission are
compatible with a synchrotron spectrum with νopt < νc < νX. In the case
νopt < νc < νX, we can write

Fopt = FX

(
νc

νX

)−β (νopt

νc

)−(β−1/2)

.

Two other possibilities are:

1. Fopt > FM,opt;

2. Fopt < Fm,opt.

In case 1) there is no way to justify optical and X-ray emission with a single
synchrotron spectrum. Case 2) can be explained if we assume that νX < νc
and νopt < νm < νX. We recall that Fν ∝ ν1/3 for ν < νm, but none of
the analysed GRBs has an optical spectral index βopt < 0. On the other
hand, we have to take into account that the spectral breaks in synchrotron
are not sharp, namely the spectral slope dFν/dν has a smooth transition
across the break. Therefore, if νm ∼ νopt and no other break is present
between νopt and νX, it is still possible to measure βopt > 0 and Fopt < Fm,opt.
Hence, we conservatively consider case 2) as a case compatible with a single
synchrotron spectrum.
In the case of Fm,opt < Fopt < FM,opt, since Fopt, FX and β are known, we can
estimate νc as follows:

νc =

(
FX

Fopt

)2 ( νopt

keV

)1−p
keV. (5.4)

5As reference, throughout the paper we consider νX =1 keV and νopt = 1.88 × 10−3

keV, corresponding to the central frequency of the R band.
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The uncertainty on νc is derived through error propagation using the same
formula. Based on the comparison of optical and X-ray data, we define two
sub-samples:

• Sample 1: for all the temporal bins the optical flux satisfies the condi-
tion Fm,opt < Fopt < FM,opt or Fopt < Fm,opt. In this case optical and
X-ray emissions are compatible with a single synchrotron spectrum.
19 GRBs satisfy this condition.

• Sample 2: for at least one temporal bin Fopt > FM,opt, which indi-
cates an incompatibility with single component synchrotron origin.
11 GRBs fall within this case.

In the case of Sample 1 we derive the temporal evolution of νc during and
after the X-ray plateau. If the number of temporal bins where both X-ray
and optical data are available is larger than 4, we fit the temporal evolution
of νc with a power law νc ∝ t−s. The adopted fitting formula is:

log10 (vc/keV) = A − s log10(t/ sec). (5.5)

The results of the fit are reported in Tab. 5.9. In our sample there are 5 GRBs
with s consistent with 0 within the errors, 11 with s > 0 and 3 with s < 0.
The same analysis about the temporal evolution of the spectral break can
be repeated relaxing the assumption that we are in slow cooling regime. All
the considerations reported above still hold, but in fast cooling we have:

Fm,opt = FX(νopt/νX)
−1/2,

and the break frequency would be νm, which can be analogously derived
and corresponds to

νm =

(
FX

Fopt

)2/(p−1) ( νopt

keV

)1/(1−p)
keV. (5.6)

The expression of FM,opt is unchanged, since the spectral slope above the
break is the same in both slow and fast cooling regime. This means that the
selection condition Fopt ≶ FM,opt would produce the same classification of
Sample 1 and Sample 2 as in slow cooling. Comparing eqs. 5.4 and 5.6, we
notice that the break frequency derived in the slow cooling regime (νc,SC)
and the one derived for the fast cooling regime (νm,FC) are connected by the
following relation:

νm,FC ∝ (νc,SC)
1

p−1 .
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Therefore, having fitted the temporal behaviour of νc,SC as ∝ t−s, in the
assumption of a fast cooling regime we would have obtained

νm,FC ∝ t
s

1−p .

This implies that, for typical values of p > 2, if νc,SC decreases in time, νm,FC
would decrease as well.
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TABLE 5.5: General information of the full sample.

GRB z t90 (s) Eiso(1052 erg) Ep(keV) Ref.

050319 3.24 152 ± 11 3.98+6.39
−0.59 190.8+114.5

−182.3 (1)

050416A 0.65 6.7 ± 3.4 0.08+0.05
−0.02 24.8+8.3

−8.3 (1)

050730 3.97 155 ± 19 5.89+8.07
−3.02 973.8+2797

−432.3 (1)

050824 0.83 25 ± 5.6 0.11+0.87
−0.04 23.8+3.7

−21.9 (1)

051109A 2.35 37 ± 6 0.95+1.50
−6.46 466.8+388.1

−150.6 (1)

060526 3.21 298 ± 23 4.90+5.72
−0.35 307.4+635.9

−303.2 (1)

060605 3.8 80 ± 7 1.91+3.11
−0.61 677.8+1714

−238.7 (1)

060614 0.125 109 ± 3 0.25+0.03
−0.02 55.0+45.0

−45.0 (2)

060729 0.54 113 ± 22 0.27+0.29
−0.06 103.2+352.7

−38.5 (1)

061121 1.31 81 ± 5 25.70+1.33
−2.48 1402+208.3

−166.6 (1)

080310 2.43 363 ± 17 4.90+10.71
−0.99 75.4+72.0

−30.8 (1)

080413B 1.1 8 ± 2 6.92+2.41
−6.89 614.5+350.2

−154.5 (1)

080605 1.64 18 ± 1 24.04+0.28
−0.28 686.3+23.8

−26.4 (3)

081007 0.53 9.7 ± 4.9 0.20+0.03
−0.03 61.2+15.3

−15.3 (3)

081029 3.85 275 ± 49 20.75+5.25
−3.45 887.2+804.8

−290.9 (3)

090618 0.54 113 ± 1 26.36+0.37
−0.36 338.8+12.3

−12.3 (3)

091018 0.97 4.4 ± 0.6 0.94+0.11
−0.09 53.2+3.9

−7.9 (3)

091029 2.75 39 ± 5 16.63+2.16
−1.98 247.6+41.3

−37.5 (3)

100219A 4.67 27 ± 9 2.67+1.50
−0.64 696.2+2393.1

−293.1 (3)

100418A 0.62 7.9 ± 1.1 22.23+2.37
−2.37 259.6+33.9

−30.7 (3)

100621A 0.54 64 ± 2 4.57+0.18
−0.17 149.6+12.3

−10.8 (3)

100814A 1.44 177 ± 11 7.52+0.19
−0.19 242.1+20.9

−17.0 (3)

110213A 1.46 48 ± 16 5.15+0.22
−0.20 216.9+12.8

−12.8 (3)

110715A 0.82 13 ± 4 10.4+1
−1 259+34

−31 (3)

111228A 0.71 101 ± 5 1.87+0.52
−0.36 58.4+6.9

−6.9 (3)

120404A 2.87 39 ± 4 10.91+1.70
−1.39 271.4+81.4

−50.4 (3)

130702A 0.15 ∼ 59 6.6+0.4
−0.4 - (4)

140419A 3.96 80 ± 4 254.68+16.34
−14.80 1397.6+188.3

−188.3 (3)

150910A 1.36 112 ± 37 5.20+0.49
−0.45 535.4+113.2

−87.3 (3)

180728A 0.12 8.7 ± 0.3 0.30+0.0002
−0.0002 88.5+1.6

−1.6 (3)
(1) Kann et al., 2010, (2) Kann et al., 2011, (3) Kann et al. (in preparation), (4) Volnova

et al., 2017.
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TABLE 5.6: Optical general information

GRB βopt AV(mags) t1(s) t2(s) Model

050319 0.74 ± 0.42 0.05 ± 0.09 381 400550 SMC

050416A 0.92 ± 0.3 0.21 ± 0.14 657 144815 SMC

050730 0.52 ± 0.05 0.1 ± 0.015 1555 12563 SMC

050824 0.45 ± 0.18 0.14 ± 0.13 634.7 34478 SMC

051109A 0.42 0.09 ± 0.03 167 44747 SMC

060526 0.65 ± 0.06 0 3080 462574 N/A

060605 0.6 0 86 23377 N/A

060614 0.41 ± 0.09 0.28 ± 0.07 4733 246090 SMC

060729 0.67 ± 0.07 0 18042 662500 N/A

061121 0.6 0 305 72360 N/A

080310 0.42 ± 0.12 0.19 ± 0.05 153 252216 SMC

080413B 0.74 ± 0.04 0 96 780506 N/A

080605 0.58 ± 0.35 0.51 ± 0.19 414 124475 SMC

081007 0.27 ± 0.11 0.82 ± 0.09 94 328979 SMC

081029 0.33 ± 0.05 0.24 ± 0.02 150 108578 SMC

090618 0.71 ± 0.02 0 405 454723 N/A

091018 0.61 ± 0.02 0 301 534067 N/A

091029 0.429 ± 0.026 0 311 188708 N/A

100219A 0.66 ± 0.14 0.13 ± 0.05 31708 398304 SMC

100418A 1.06 ± 0.02 0.09 ± 0.04 27742 476546 SMC

100621A 0.78 ± 0.09 3.72 ± 0.10 237 10974 SMC

100814A 0.41 ± 0.04 0.16 ± 0.02 526 960827 SMC

110213A 0.9 ± 0.07 0.132 ± 0.003 193 5546 SMC

110715A 0.63 ± 0.28 0.47 ± 0.22 217211 736849 SMC

111228A 0.69 ± 0.07 0.16 ± 0.04 349 663118 SMC

120404A 1.02 0.07 ± 0.02 730 19824 MW

130702A 0.71 ± 0.02 0 101088 335296 N/A

140419A 0.76 ± 0.08 0 280 10780 N/A

150910A 0.53 ± 0.14 0.17 ± 0.05 728 120966 SMC

180728A 0.67 ± 0.05 0 2072 180050 N/A
For GRBs 060605 and 061121 we assumed βopt = 0.6 as in Kann et al., 2006. t1(s) and t2(s)

define the interval within which the optical modelling has been obtained. For GRB
100219A , the values reported are from Thöne et al., 2013.
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name N (×100 mJy) a b tb/104s χ2/dof log10(
LX

erg/s ) ph. index. p-value

Sample 1

050319 0.07 ± 0.01 0.45 ± 0.04 1.90 ± 0.18 5.36 ± 1.15 65.7/82 48.09+0.09
−0.11 1.92 ± 0.03 0.763

050416A 0.43 ± 0.30 0.32 ± 0.17 0.96 ± 0.05 0.10 ± 0.10 90.8/96 46.79+0.09
−0.11 1.90 ± 0.04 0.765

050824 0.03 ± 0.02 0.04 ± 0.32 0.98 ± 0.17 3.75 ± 3.75 53.0/41 45.66+0.10
−0.12 1.96 ± 0.07 0.078

051109A 0.94 ± 0.84 0.52 ± 0.39 1.34 ± 0.08 0.47 ± 0.46 151.7/151 48.25+0.09
−0.11 2.12 ± 0.03 0.412

060526 0.02 ± 0.01 0.56 ± 0.06 2.25 ± 0.23 5.29 ± 1.45 92.4/37 48.13+0.09
−0.11 1.98 ± 0.07 0.508

060605 0.14 ± 0.03 0.39 ± 0.10 2.45 ± 0.15 1.06 ± 0.17 48.7/63 48.23+0.09
−0.11 2.00 ± 0.04 0.386

060729 0.26 ± 0.01 0.03 ± 0.02 1.53 ± 0.02 6.83 ± 0.39 867.3/675 46.40+0.09
−0.11 1.93 ± 0.01 0.002(∗)

061121 1.23 ± 0.16 0.34 ± 0.03 1.55 ± 0.03 0.77 ± 0.10 323.1/276 48.39+0.07
−0.09 1.93 ± 0.02 0.001(∗)

080413B 1.36 ± 0.71 0.51 ± 0.09 1.22 ± 0.04 0.15 ± 0.09 300.8/225 48.09+0.08
−0.10 1.86 ± 0.02 0.226

080605 10.81 ± 2.58 0.40 ± 0.08 1.50 ± 0.03 0.06 ± 0.01 383.2/311 49.31+0.06
−0.07 1.71 ± 0.02 0.194

090618 4.65 ± 0.54 0.33 ± 0.06 1.51 ± 0.02 0.41 ± 0.05 812.8/775 47.66+0.07
−0.08 1.91 ± 0.01 < 10−3(∗)

091018 5.63 ± 0.79 −0.17 ± 0.26 1.25 ± 0.03 0.03 ± 0.01 155.0/115 48.14+0.08
−0.10 1.92 ± 0.03 0.059

091029 0.17 ± 0.03 −0.06 ± 0.10 1.22 ± 0.04 0.83 ± 0.19 127.8/120 47.78+0.09
−0.11 1.92 ± 0.04 0.558

100621A 0.11 ± 0.04 0.68 ± 0.03 1.69 ± 0.09 8.05 ± 2.48 249.5/178 46.70+0.09
−0.11 2.37 ± 0.03 < 10−3(∗)

110213A 5.03 ± 0.37 −0.19 ± 0.06 1.90 ± 0.03 0.31 ± 0.02 245.0/229 48.57+0.09
−0.11 2.04 ± 0.02 0.020(∗)

111228A 0.57 ± 0.12 0.19 ± 0.07 1.28 ± 0.04 0.75 ± 0.19 195.4/150 47.00+0.09
−0.11 1.97 ± 0.03 0.589

130702A 0.26 ± 0.10 0.10 ± 0.61 1.35 ± 0.10 8.93 ± 4.66 210.2/226 44.81+0.09
−0.11 1.81 ± 0.03 0.343

140419A 1.21 ± 1.03 0.60 ± 0.20 1.55 ± 0.11 0.60 ± 0.46 201.6/198 49.38+0.09
−0.11 1.88 ± 0.03 0.017(∗)

180728A 1.78 ± 1.54 0.69 ± 0.17 1.44 ± 0.07 2.12 ± 1.71 583.5/500 45.76+0.09
−0.11 1.76 ± 0.02 0.055

Sample 2

050730 2.64 ± 0.33 −0.02 ± 0.22 2.62 ± 0.05 0.76 ± 0.06 481.8/334 49.54+0.09
−0.11 1.55 ± 0.02 < 10−3(∗)

060614 0.09 ± 0.01 −0.06 ± 0.06 2.16 ± 0.06 5.21 ± 0.40 119.8/153 44.49+0.09
−0.11 1.77 ± 0.03 0.098

080310 0.13 ± 0.03 0.32 ± 0.09 1.81 ± 0.09 1.42 ± 0.32 148.8/77 48.07+0.09
−0.11 1.92 ± 0.05 < 10−3(∗)

081007 0.01 ± 0.01 0.68 ± 0.05 1.56 ± 0.17 11.34 ± 7.17 76.1/64 46.32+0.09
−0.11 1.87 ± 0.05 0.453

081029 0.08 ± 0.01 0.18 ± 0.10 3.00 ± 0.22 1.80 ± 0.21 95.3/76 48.08+0.09
−0.11 1.86 ± 0.05 0.297

100219A 0.04 ± 0.01 0.53 ± 0.06 3.00 ± 0.29 2.77 ± 0.56 42.3/23 48.55+0.09
−0.11 1.58 ± 0.06 0.973

100418A 0.02 ± 0.00 −0.45 ± 0.15 1.63 ± 0.11 7.18 ± 1.78 27.9/26 45.15+0.10
−0.13 1.76 ± 0.09 0.441

100814A 0.05 ± 0.00 0.50 ± 0.02 2.38 ± 0.09 21.53 ± 1.47 731.6/293 47.25+0.09
−0.11 1.84 ± 0.02 0.049(∗)

110715A 24.76 ± 1.15 −0.80 ± 0.32 1.00 ± 0.01 0.01 ± 0.00 452.1/247 48.57+0.06
−0.07 1.85 ± 0.02 < 10−3(∗)

120404A 0.42 ± 0.17 −0.16 ± 0.38 1.97 ± 0.14 0.28 ± 0.09 29.7/36 48.31+0.09
−0.11 1.78 ± 0.06 0.001(∗)

150910A 1.92 ± 0.15 0.34 ± 0.02 2.49 ± 0.06 0.67 ± 0.04 487.1/328 48.72+0.06
−0.07 1.52 ± 0.02 < 10−3(∗)

TABLE 5.7: Results relative to the temporal fit of the X-ray light curve. The first
four columns are the best fit parameters. tb is in the observer frame. The fifth col-
umn is the reduced χ2 and LX is the average X-ray luminosity during the plateau.
Further details are specified in the text. Errors are given at the 1 sigma level of
confidence. The last two columns report the average X-ray photon index and the
corresponding p-value of the fit with a constant of the photon index as a function
of time. Cases denoted with (∗) have a p-value < 0.05, indicating that the photon
index temporal trend significantly deviates from a constant.
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name N (×100 mJy) a b tb/104s χ2/dof log10(Lopt(erg/s))

Sample 1

050319 0.9 ± 0.1 0.53 ± 0.02 2.85 ± 0.30 41.57 ± 3.40 39.9/37 46.26+0.06
−0.05

050416A 11.9 ± 2.1 −0.31 ± 0.32 0.92 ± 0.07 0.05 ± 0.02 40.1/28 44.36+0.05
−0.05

050824 4.2 ± 0.1 0.66 ± 0.01 - - 58.9/27 -

051109A 17.2 ± 0.3 0.81 ± 0.02 - - 25.0/21 -

060526 2.5 ± 0.2 0.60 ± 0.01 2.64 ± 0.10 15.78 ± 0.85 199.0/43 46.56+0.05
−0.05

060605 12.0 ± 1.6 0.80 ± 0.03 3.00 ± 0.17 2.45 ± 0.18 165.5/29 47.42+0.04
−0.04

060729 31.0 ± 2.1 0.02 ± 0.03 1.60 ± 0.03 8.16 ± 0.72 305.0/41 44.99+0.06
−0.05

061121 4.9 ± 4.2 0.53 ± 0.08 1.26 ± 0.14 4.09 ± 3.93 58.2/30 45.98+0.12
−0.09

080413B 1.5 ± 0.1 0.43 ± 0.01 3.00 ± 0.27 40.12 ± 2.46 213.7/25 45.42+0.04
−0.04

080605 8.0 ± 0.1 0.64 ± 0.01 - - 172.4/39 -

090618 44.3 ± 10.9 0.51 ± 0.05 1.45 ± 0.04 1.72 ± 0.43 43.2/43 45.26+0.03
−0.03

091018 1.2 ± 0.1 0.91 ± 0.01 2.84 ± 0.32 12.51 ± 0.88 42.5/36 45.97+0.03
−0.03

091029 3.8 ± 0.8 0.39 ± 0.03 1.63 ± 0.13 5.87 ± 1.43 48.6/37 46.08+0.05
−0.04

100621A 32.2 ± 2.7 0.22 ± 0.02 2.41 ± 0.18 4.00 ± 0.40 2560.6/29 45.32+0.02
−0.02

110213A 290.4 ± 5.6 0.20 ± 0.01 2.01 ± 0.02 1.52 ± 0.04 2645.9/41 47.09+0.02
−0.02

111228A 29.4 ± 2.6 0.25 ± 0.03 1.54 ± 0.04 1.91 ± 0.20 72.5/39 45.28+0.05
−0.04

130702A 320.1 ± 24.6 1.31 ± 0.02 - - 41.8/40 -

140419A 15.1 ± 0.2 1.06 ± 0.01 - - 119.6/34 -

180728A 123.7 ± 1.7 1.08 ± 0.01 - - 92.5/39 -

Sample 2

050730 74.9 ± 13.0 −0.22 ± 0.28 1.58 ± 0.08 0.74 ± 0.19 236.9/18 47.13+0.02
−0.02

060614 8.6 ± 0.6 0.03 ± 0.06 2.47 ± 0.08 7.55 ± 0.46 48.4/22 42.81+0.05
−0.04

080310 175.7 ± 5.0 −0.60 ± 0.10 1.16 ± 0.01 0.18 ± 0.01 795.5/43 46.93+0.03
−0.03

081007 8.9 ± 0.1 0.73 ± 0.01 - - 272.4/38 -

081029 197.6 ± 3.0 −1.31 ± 0.06 1.90 ± 0.02 0.86 ± 0.02 316.7/30 47.36+0.02
−0.02

100219A 6.9 ± 0.2 0.99 ± 0.02 - - 73.1/21 -

100418A 21.6 ± 0.8 −0.32 ± 0.03 1.66 ± 0.04 5.72 ± 0.33 200.0/31 44.58+0.04
−0.03

100814A 8.2 ± 0.2 0.09 ± 0.01 3.90 ± 0.15 39.14 ± 0.70 3100.6/47 45.68+0.02
−0.02

110715A 9.6 ± 1.3 0.52 ± 0.01 2.87 ± 0.30 37.49 ± 3.19 123.4/30 46.12+0.06
−0.05

120404A 147.0 ± 3.0 −1.65 ± 0.11 1.60 ± 0.04 0.26 ± 0.01 22.3/38 46.79+0.06
−0.05

150910A 315.1 ± 11.6 −4.00 ± 0.34 1.26 ± 0.01 0.11 ± 0.00 75.3/36 46.20+0.12
−0.10

TABLE 5.8: Results relative to the temporal and spectral optical analysis. The first
four columns are the best fit parameters. tb is in the observer frame. The fifth
column is the reduced χ2 and Lopt is the average optical luminosity during the
plateau, if present. The reported parameters are specified in the text. Errors are
given at 1 sigma level of confidence. When the fit with a broken power law does
not converge, we fit with a single power law and therefore only the value of the
slope a is reported.
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FIGURE 5.8: Summary plots of the simultaneous optical/X-ray spectral analysis for the first sample (Sam-

ple 1), where optical and X-ray are compatible with a single synchrotron spectrum. The top panel shows the

X-ray (blue points) and the optical (orange points) light curves. The X-ray flux is computed at 1 keV, while the

optical flux in the R band. The solid blue and orange lines are the best fit curves that interpolate the X-ray and

optical light curves, respectively. fm is the optical flux density extrapolated from X-ray flux assuming a spectral

break νb = νX , while fM is the optical flux density extrapolated from X-ray flux assuming no spectral break.

Gray vertical band indicates when fopt < fm. The vertical dashed line indicates the end of the plateau. In the

middle panel we report the evolution of the break frequency νb as a function of time (red error bars), while the

blue line indicates the best fit with a power law (nb ∝ ts). In the bottom panel, we show the X-ray spectral

index for each temporal bin with black error bars, while the dot-dashed line is the time-averaged value. In the

same sub-plot, we also report the optical spectral index with an orange line (the yellow band is the uncertainty

interval).



126 Chapter 5. The origin of the X-ray plateau

7

6

5

4

3

2

1

0

1

lo
g 1

0(
F

/m
Jy

)

X-ray
Optical
rebinned X-ray
Fm, opt

rebinned optical
FM, opt

2

1

0

lo
g 1

0(
b/k

eV
)

103 104 105

time (s)
0

1

2

sp
ec

tra
l i

nd
ex

(a) 060526

7

6

5

4

3

2

1

0

1

lo
g 1

0(
F

/m
Jy

)

X-ray
Optical
rebinned X-ray
Fm, opt

rebinned optical
FM, opt

2

1

0

lo
g 1

0(
b/k

eV
)

103 104

time (s)
0

1

2

sp
ec

tra
l i

nd
ex

(b) 060605

7

6

5

4

3

2

1

0

1

lo
g 1

0(
F

/m
Jy

)

X-ray
Optical
rebinned X-ray
Fm, opt

rebinned optical
FM, opt

2

1

0

lo
g 1

0(
b/k

eV
)

103 104 105 106 107

time (s)
0

1

2

sp
ec

tra
l i

nd
ex

(c) 060729

7

6

5

4

3

2

1

0

1

lo
g 1

0(
F

/m
Jy

)

X-ray
Optical
rebinned X-ray
Fm, opt

rebinned optical
FM, opt

2

1

0

lo
g 1

0(
b/k

eV
)

103 104 105 106

time (s)
0

1

2

sp
ec

tra
l i

nd
ex

(d) 061121

FIGURE 5.9: Sample 1 - continued
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FIGURE 5.10: Sample 1 - continued
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FIGURE 5.11: Sample 1 - continued
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FIGURE 5.12: Sample 1 - continued
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FIGURE 5.13: Summary plots of the second sample of GRBs (Sample 2) where for
at least one temporal bin the optical flux is above fM, indicating that optical and
X-ray data are not compatible with a single synchrotron spectrum. The symbols
are the same as in Fig. 5.8 and we indicate with a vertical light-blue band the
temporal bin where fopt > fM. The lower panel shows the temporal evolution of
the X-ray photon index.
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FIGURE 5.14: Sample 2 - continued
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FIGURE 5.15: Sample 2 - continued
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GRB A s class
050824 −8.99 ± 4.45 −1.39 ± 0.91 (1)
050319 −2.16 ± 1.07 −0.21 ± 0.27 (2)
050416A 0.03 ± 1.09 0.17 ± 0.28 (2)
051109A 3.19 ± 1.35 0.87 ± 0.31 (3)
060526 −3.84 ± 2.04 −0.41 ± 0.51 (2)
060605 −4.26 ± 2.37 −0.55 ± 0.60 (2)
060729 −0.71 ± 0.64 0.24 ± 0.13 (3)
061121 2.07 ± 0.61 0.76 ± 0.16 (3)
080413B 1.68 ± 0.60 0.88 ± 0.17 (3)
080605 0.55 ± 0.51 0.60 ± 0.19 (3)
090618 4.24 ± 0.38 1.32 ± 0.10 (3)
091018 −2.81 ± 0.76 −0.27 ± 0.20 (1)
091029 0.50 ± 1.92 0.54 ± 0.45 (3)
100621A −2.50 ± 1.86 −0.37 ± 0.48 (2)
110213A −0.34 ± 0.69 0.37 ± 0.17 (3)
111228A 2.83 ± 1.08 0.99 ± 0.24 (3)
130702A 0.59 ± 2.17 0.48 ± 0.38 (3)
140419A −3.74 ± 1.23 −0.55 ± 0.30 (1)
180728A 0.68 ± 0.88 0.61 ± 0.19 (3)

TABLE 5.9: Results of the fit of the temporal behaviour of νc. The fitting function
is log10(νc/keV) = A− s log10(t/s). Errors are given at the 1 sigma level of confi-
dence. The last column identifies three classes, considering the value of s within
the errors: (1) if s < 0, (2) if s = 0, (3) if s > 0.
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5.2.3 Temporal fit of X-ray and optical light curves

In order to check if the X-ray plateau has a corresponding plateau phase in
the optical, we fit both X-ray and optical light curves of GRBs in Sample 1
and Sample 2 with an empirical broken power law, in the form:

F(t) =
N

(t/tb)a + (t/tb)b .

This functional form is valid if the temporal decay before the break is shal-
lower than the one after the break. This condition is always satisfied for
all the X-ray and optical light curves, with the exception of the optical light
curve of GRB 140419A. In this case we adopt the following functional form:

F(t) = N((t/tb)
a + (t/tb)

b).

In the case of optical light curves we rebin the data points as follows: if ti
and t f are the initial and final times of the optical data, we rebin using a
grid of 50 bins spaced logarthmically in the interval [ti − t f ]. The fit is per-
formed using the python function curvefit, which is based on least squares
minimisation. If the fit does not converge, i.e. if one of the parameters
of the model cannot be constrained, we fit with a single power law. The
results are reported in Tab. 5.7 and 5.8 for X-ray and optical light curves,
respectively. The best fit curves are reported as solid blue (X-ray) and or-
ange (optical) lines in Fig. 5.8 and 5.16. In all the cases, the fit of X-ray
light curves gives a reasonably good value of χ2. Instead, for some opti-
cal light curves χ2 ≫ 1, indicating the presence of more complex tempo-
ral structures that cannot be approximated by a simple broken power law.
The cases showing the worst agreement are GRB 100621A (Greiner et al.,
2013b), GRB 110213A (Cucchiara et al., 2011) and GRB 100814A (Nardini et
al., 2014), which clearly exhibit the superposition of a bump over the power
law decay. Such behaviour is expected, for instance, in the case of a struc-
tured jet viewed slightly off-axis. Indeed, as shown by Beniamini et al.,
2020a, for particular combinations of structure profile and viewing angle,
the X-ray light curve shows a plateau phase, while at optical wavelentghts
a bump can appear in the light curve.
Looking at Tab. 5.8, 8 GRBs have an optical light curve compatible with
a single power law with a ∈ [−0.8, 0.8]. Therefore, the light curves of
these GRBs significantly show the presence of a plateau phase. All the
other GRBs have an optical light curve compatible with a broken power
law where the flatter segment has a shallow temporal slope in the interval
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FIGURE 5.16: Panel (a): relation between the X-ray luminosity and duration of
the plateau. We distinguish Sample 1 and Sample 2 with black and blue points,
respectively. Arrows indicate upper limits. Time is reported in the rest frame of
the source. The black (red) dashed line is the best fit line for the Sample 1 (Sample
2), where the fitting function is log10(LX) = N + λ log10(tb). The orange dot-
dashed line is the corresponding best fit for the union of Sample 1 and Sample 2.
Panel (b) shows the analogous relation between optical luminosity and duration
of the plateau.
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X-ray Optical
λ N λ N

Sample 1 −1.14 ± 0.03 0.08 ± 0.03 −0.35 ± 0.03 −0.97 ± 0.01
Sample 2 −0.95 ± 0.03 0.42 ± 0.03 −0.90 ± 0.01 −0.72 ± 0.01

Sample 1+Sample 2 −1.04 ± 0.02 0.23 ± 0.02 −0.79 ± 0.01 −0.81 ± 0.01

TABLE 5.10: Best fit values of the relation between the plateau luminosity and the
plateau duration, in X-ray and optical. The values of λ and N are specified in the
text.

a ∈ [−0.8, 0.8]. The only exceptions are GRB 091018 (with a > 0.8), GRB
081029 and GRB 150910A (with a < −0.8). Therefore 19/30 GRBs show a
plateau both in X-ray and optical.
For all the GRBs that show a plateau in optical and/or in X-ray, we compute
the X-ray/optical luminosity during the plateau as:

LX,opt =
〈

FX,opt
〉
× 4πDL(z)2,

where
〈

FX,opt
〉

is the average flux in the specific band. The duration of the
plateau is approximated with the break time. Such an approximation is
valid in the limit in which the initial time of the plateau satisfies the condi-
tion ti ≪ tb, which is usually the case.
The relation between X-ray plateau luminosity and duration is shown in

Fig. 5.16a. The points, even if quite scattered, seem to follow the Dainotti
relation (Dainotti et al., 2010), which is reported in the plot with a light
blue band. The width of the band is computed taking into account the un-
certainty on both the slope and normalisation of the Dainotti relation. We
fitted the LX − tb relation with the function:

log10
Lx

1047ergs−1 = N + λ log10
tb

104 s
. (5.7)

We show in Fig. 5.16b the analogous relation between plateau luminosity
and duration in the optical. Also in this case we fit the same power law
relation of eq. 5.7. The best fit parameters of the LX − tp and Lopt − tp rela-
tions are reported in Tab. 5.10. The value of the slope of the LX − tb relation
found by Dainotti et al., 2013 is λ = −1.32 ± 0.28, steeper but still compat-
ible with our values. For the Lopt − tb relation, instead, Dainotti et al., 2020
report λ = −1.12 ± 0.26, significantly steeper than our values. We note
however that in Dainotti et al., 2020 LX is defined slightly different as the
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luminosity at the end of the plateau.
In addition to the LX − tp relation, previous works have shown that the
properties of the X-ray plateau could correlate with the prompt emission
energetics of the burst (Margutti et al., 2013; Dainotti et al., 2017; Tang et al.,
2019). The investigation of these relations could give further details about
the origin of plateau. Indeed, as pointed out by Beniamini et al., 2020d, in
the case of a plateau as a result of a structured jet, the X-ray plateau lumi-
nosity should correlate with the plateau duration as Lp ∝ Eisot−1

p , where Eiso
is isotropic equivalent energy. Such a relation, instead, does not necessarily
hold for the energy injection scenario, where the plateau energy is tightly
connected to the additional energy transferred to the external shock, but
not to the energy released during the prompt phase. Therefore we tested
for the GRBs analysed here if there are significant correlations between the
isotropic energy Eiso and the plateau luminosity, both in the optical and X-
rays. The correlation between plateau luminosity in X-rays and Eiso has a
Pearson coefficient CP = 0.58 (p-value= 7 × 10−4), while the correlation
between plateau luminosity in optical and Eiso has a Pearson coefficient
CP = 0.45 (p-value= 0.06). These results show that the LX − Eiso relation
is more strongly correlated with respect to the Lopt − Eiso one. These two
relations are shown in panel (a) and (b) of Fig. 5.17.

We also tested the correlation between LX/Eiso and tb,X, as well as
Lopt/Eiso and tb,opt. The LX − tb,X relation has a Pearson correlation co-
efficient CP = −0.71 (p-value= 6.6 × 10−6), while the LX/Eiso − tb,X re-
lation has CP = −0.64 (p-value= 9.5 × 10−5). In the optical, instead,
the Lopt − tb,opt relation has a Pearson correlation coefficient CP = −0.25
(p-value= 0.32), while the LX/Eiso − tb,X relation has CP = −0.41 (p-
value= 0.08). Also in this case, the LX/Eiso − tb,X relation results much
more correlated than the Lopt/Eiso − tb,opt one, as evident from panels (c)
and (d) of Fig. 5.17. Finally, for the sub-sample of GRBs with a plateau in
both optical and X-ray bands, we show in Fig. 5.18 the relation between the
duration of the plateau in optical and X-rays. There is a clear indication that
optical plateaus tend to be longer than X-ray plateaus, which is in line with
our findings on νopt being smaller than νc is most of the cases. Among all the
the analysed GRBs with both an X-ray and optical plateau, only a few have
tb,X ≃ tb,opt, implying that the majority shows a chromatic plateau. There
are two particular cases, GRBs 110715A and 080413B, which are in the bot-
tom right corner of the plot, indicating an optical break of the plateau at
much later times with respect to the X-ray break. Such a behaviour seems
to significantly deviate from the average trend, but looking at Figs. 5.15a
and 5.10a it is possible that a simple broken power law does not describe
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FIGURE 5.17: In panel (a) (panel (b)) we show the correlation between the X-
ray (optical) plateau luminosity and the isotropic energy Eiso. In panel (c) (panel
(d)) we show the relation between luminosity and duration of the X-ray (optical)
plateau, where the luminosity is corrected by the isotropic energy.

sufficiently well the temporal structure of the optical light curve, therefore
giving a possibly biased estimation of the optical break. Apart these two
exceptions, tb,X and tb,opt show a correlation. Excluding GRBs 110715A and
080413B, we derive a Pearson correlation coefficient CP = 0.78 and a 2-
tailed p-value of 3.4 × 10−4.

5.2.4 Discussion

The results of our analysis show that in 19 out of 30 GRBs the plateau has an
optical-to-X-ray spectrum fully consistent with synchrotron emission from
a single population of shock-accelerated electrons (Sample 1). The compar-
ison of the temporal properties of the X-ray and optical plateaus further
confirms this interpretation. Indeed, the fact that the optical flux densities
lie within the allowed range of values extrapolated from X-ray fluxes as-
suming a single synchrotron spectrum, allows us to infer νopt < νc < νX.
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FIGURE 5.18: Relation between the duration of the X-ray and optical plateau. We
distinguish Sample 1 and Sample 2 with black and blue points, respectively. Time
is reported in the rest frame of the source. The blue dashed line is corresponds to
tb,opt = tb,X.

This condition implies a slower evolution of the optical plateau than the X-
ray one, in agreement with our findings that tb,o > tb,X in most of the GRBs
belonging to Sample 1 (see fig. 5.18). In order to test whether the transition
of νc across the optical band is simultaneous to a steepening of the optical
light curve, we estimate the time t∗ for which νc(t∗) = νopt and we com-
pare it with tb,opt, reported in Tab. 5.8. The value and the uncertainty of t∗

is estimated inverting the relation 5.5, namely:

t∗ =
(

10N

νopt/keV

)1/s

sec.

In Tab. 5.11 we compare t∗ and tb,opt of all the GRBs of Sample 1 which
have s > 0. The only case where t∗ and tb,opt are not compatible is GRB
090618. In all other cases, we have three possibilities: 1) we have an
estimate of both t∗ and tb,opt and they are compatible, 2) only a lower
limit on t∗ is available, but still compatible with tb,opt, 3) no break in the
optical is observed, possibly indicating that the break may occur later
than the available data. While cases 2) and 3) are inconclusive, only for
the first case (GRBs 061121, 080413B and 111228A) we can conclude that
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FIGURE 5.19: Location in the Ep − Eiso plane of the GRB sample selected in our
work (orange points, see Tab. 5.5). The blue points are taken from Nava et al.,
2012 and the gray region is the corresponding 3σ band.

t∗ ≃ tb,opt, indicating that the optical temporal break is in agreement with
the transition of the cooling frequency across the optical band.

If the condition νopt < νc < νX is satisfied, no spectral evolution is
expected in the X-rays. We tested the presence of spectral evolution fit-
ting the X-ray photon index temporal trend with a constant. In Tab. 5.7
we report the average photon index (the average is taken over the whole
available data) and the p-value of the fit. Among 19 cases, 6 GRBs have a p-
value < 0.05 showing significant deviation from a constant trend. For three
of them (GRBs 060729, 061121 and 090618) the deviation is given by the
hardening of the X-ray spectrum at late times. For GRBs 100621A, 110213A
and 140419A there is evidence of spectral softening. For all these six cases,
except for GRB 140419A, Tab. 5.9 shows that the derived νc decreases in
time. In this scenario, a softening of the X-ray spectrum is expected as
Fν ∝ ν−(p−1)/2 for ν < νc and Fν ∝ ν−p/2 for ν > νc. Since the synchrotron
spectral shape has smooth transitions between a power law segment and
the other, a temporal decrease of νc would produce a gradual spectral soft-
ening. On the contrary, a decreasing trend of νc is not in agreement with
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name log10(t
∗) log10(tb,opt)

050416A >3.64 2.70+0.15
−0.22

051109A 6.77+6.16
−2.92 -

060729 >3.65 4.20+0.16
−0.26

061121 6.27+2.69
−1.75 4.61+0.29

−1.41
080413B 4.98+2.04

−1.38 5.60+0.03
−0.03

080605 5.41+3.75
−1.95 -

090618 5.26+0.74
−0.64 4.23+0.18

−0.32
091029 >1.29 4.77+0.09

−0.12
110213A >3.09 4.18+0.01

−0.01
111228A 5.58+3.23

−1.97 4.28+0.04
−0.05

130702A >1.30 -
180728A 5.54+4.60

−2.42 -

TABLE 5.11: Comparison between t∗ and tb,opt. t∗ is the time at which νc crosses
the optical band.

the evidence of spectral hardening. In this regard, we point out that in
the derivation of the temporal evolution of νc we assumed that the spectral
slopes above and below νc are constant in time. If there is an additional
process which induces an intrinsic variation of the spectral slope, the esti-
mation of the temporal trend of νc can be biased. Hence, we conclude that
the results shown for the evolution of the cooling frequency are fully reli-
able for the GRBs that do not show significant spectral evolution in the X-
rays. Among the 12 cases of Sample 2, seven of them have a p-value < 0.05
(GRBs 050730, 080310, 100814A, 110715A, 120404A, 140419A and 150910A),
but none of them shows a clear trend which points towards a softening or
a hardening of the X-ray spectrum.
The consistency of the optical and X-ray data with a single spectrum can be
interpreted as an indication that both X-ray and optical photons originate
from the same emission region. Moreover, the process responsible for the
X-ray plateau should also explain the observed evolution of the cooling fre-
quency. In the standard scenario of a forward shock decelerating through
the circumburst medium, the predicted temporal evolution of the charac-
teristic synchrotron frequencies is (Granot and Sari, 2002):

νc ∝ ϵ−3/2
B n−1

0 E−1/2
52 t−1/2

days (5.8)
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for an ISM with uniform particle density n0, and

νc ∝ ϵ−3/2
B E1/2

52 t1/2
days (5.9)

for a medium with a wind-like density profile. With E52 we indicate the
isotropic energy in units of 1052 erg. The flux density, instead, is expected
to decline like Fν ∝ t−a and the predicted values are, in slow cooling regime
(e.g., see Zhang et al. 2006b):

a =
3
4
(p − 1) for ν < νc, a =

3p − 2
4

for ν > νc

for the ISM scenario and

a =
3p − 1

4
for ν < νc, a =

3p − 2
4

for ν > νc

for the wind scenario. Since the values of p are likely above 2, the stan-
dard picture predicts afterglow light curves not flatter than t−3/4. There-
fore, even if the observed temporal evolution of νc can be compatible with
the temporal behavior specified in eq. 5.8 and 5.9, the observed temporal
slope of the X-ray and optical plateaus are incompatible with the standard
FS scenario.
Modifications to the standard picture have been proposed in the literature
(Misra et al., 2021), which invoke the possible temporal evolution of the
shock microphysical parameters, such as ϵB. In the specific case, assuming
a temporal evolution in the form ϵB ∝ tµ and a circum-burst medium with
a density profile ρ ∝ r−k, the cooling frequency evolves as νc ∝ t−s, with:

s =
4 + 12µ − 3k(1 + µ)

2(4 − k)
.

Moreover, considering the ordering νopt < νc < νX, the optical and X-ray
flux densities are expected to evolve like Fopt ∝ tao and FX ∝ taX , with

ao =
1
2

(
µ +

k
k − 4

)
+

p − 1
2

(
4 + 12µ − 3k(1 + µ)

2(k − 4)

)

and

aX =
1
2

(
µ +

k
k − 4

)
+

p
2

(
4 + 12µ − 3k(1 + µ)

2(k − 4)

)
.

In order to check the validity of this scenario, we compare, simultaneously,



5.2. Combined X-ray and optical analysis of the X-ray plateau 143

the expected values of ao, aX and s with the observed ones. In particular,
we search for a combination of µ and k such that the following relations are
simultaneously satisfied:

ao,th ∈ [ao,obs − ∆ao, ao,obs + ∆ao],

aX,th ∈ [aX,obs − ∆aX, aX,obs + ∆aX],

sth ∈ [sobs − ∆s, sobs + ∆s],

where we indicate with Xth, Xobs and ∆X the expected value, the observed
value and the error of the quantity X, respectively. The intersection of these
three conditions defines a region in the k − µ plane, which is in agreement
with observations. We verified for all the GRBs of Sample 1 that a combina-
tion of k and µ that satisfies the above conditions does not exist.
Another solution invokes the presence of additional energy injected into
the forward shock at late times. A single emitting region is compatible with
the energy injection scenario, where additional energy is transferred to the
external shock due to the late-time activity of the central engine. In this
scenario, the dynamical evolution of the blast wave is determined by the
rate of energy injection and the efficiency of conversion from injected en-
ergy to jet kinetic energy. Hence, the deceleration in the ISM is less severe
and the flux drop is shallower. The injection of energy modifies the dy-
namical evolution of the external shock but it does not have influence on
the dominating radiative mechanisms responsible for the dissipation of the
particles’ energy. Therefore, the spectral energy distribution should be the
same of that in the standard scenario of particles dissipating through syn-
chrotron radiation. We notice that, if the energy injection has impact only
on the blast wave dynamics, the plateau should be achromatic (e.g. Fan
and Piran 2006). This would imply that the temporal break corresponding
to the transition from plateau to post-plateau phase should be the same in
optical and X-rays. Though, as pointed out before, this is not the case if a
spectral break is between the two bands.
Adopting the standard prescription of a injected luminosity in the form:

Linj ∝ t−q,

the temporal slope of the afterglow light curve at any frequency νobs can
be predicted depending on the position of νobs relative to the synchrotron
characteristic frequencies (νm and νc). Moreover the temporal behavior of
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these last are modified consequently and read:

νm ∝ t−(2+q)/2, νc ∝ t(q−2)/2 (5.10)

for the ISM scenario (jet propagating into a ISM with constant density), and

νm ∝ t−(2+q)/2, νc ∝ t(2−q)/2 (5.11)

for the wind scenario (jet propagating into a medium with density n ∝ r−2).
Therefore, if q < 2 (q > 2) the energy injection model predicts a decreasing
cooling frequency in the ISM scenario (wind scenario).
One of the possible sources of energy responsible for the jet refreshing is the
long-lived highly magnetized neutron star (magnetar) left after the produc-
tion of the GRB (Dai and Lu, 1998a; Zhang and Mészáros, 2001a; Dall’Osso
et al., 2011). The magnetar looses rotational energy through spin down ra-
diation and the associated released luminosity in the standard scenario of a
rotating magnetic dipole depends on the rotational frequency as Lsd ∝ Ω4.
The temporal evolution of the spin down luminosity is:

Lsd(t) =
L0[

1 + t
τ

]2 .

This relation can be further extended including deviations from the stan-
dard picture of simple dipole radiation. This modification leads to a spin
down luminosity in the form Lsd ∝ Ω4−2α, where α is related to the braking
index n as n = 3− 2α and 0 < α < 1. The corresponding temporal behavior
of the spin down luminosity is:

Lsd(t) =
L0

[
1 + (1 − α) t

τ

] 2−α
1−α

For t ≫ τ, the spin down luminosity evolves as Lsd ∝ t−q, with

q =
2 − α

1 − α
⩾ 2 (5.12)

and the forward shock afterglow emission dominates. Indeed, following
Dall’Osso et al., 2011, the luminosity evolution in the relativistic external
shock can be obtained from the balance between radiative losses and en-
ergy injection from the spinning down magnetar. Fitting this model on
the observed X-rays light curves provides a very good description of the
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plateau and post-plateau phases, with reasonable values of the magnetic
field strength and spin period (e.g., Dall’Osso et al. 2011; Bernardini et al.
2012; Stratta et al. 2018). In this scenario, the post-plateau afterglow spec-
tral properties follow the standard forward shock prescriptions, in good
agreement with the majority of the GRBs in Sample 1. Since the majority of
the GRBs in Sample 1 (16/19) show a preference for νc decreasing in time af-
ter the plateau phase, even in the magnetar scenario we can apply eqs. 5.8
and 5.9 and find agreement with a forward shock propagating in an ISM
medium. For the remaining three GRBs, νc increases with time, with a slope
compatible with t0.5, indicating a preference for wind-like density profile.
If the X-ray plateau is a direct consequence of additional energy injected in
the forward shock, this would also impact the ratio between the jet kinetic
energy Ekin (inferred by afterglow light curve) and prompt isotropic energy
Eiso. The ratio ϵpr = Eiso/Ekin represents the prompt emission efficiency
and, if the injection of energy in the forward shock tends to increase Ekin,
then the inferred ϵpr should be lower with respect to average cases where
no energy injection operates. In order to verify this point we follow the
method adopted by D’Avanzo et al., 2012, which use the X-ray luminosity
at 24 hr after the burst (LX,24 hr) as direct proxy of Ekin. In Fig. 5.20 we show
the relation between LX,24 hr and Eiso, comparing our GRB sample with the
average relation reported in Fig. 2 by D’Avanzo et al., 2012, where the au-
thors consider a complete sample of GRBs detected by Swift with no spe-
cific selection about the presence of an X-ray plateau. Our plot shows that
our sample of GRBs is characterised by a ratio LX,24 hr/Eiso larger than the
average, which could be an indication of a larger ratio Ekin/Eiso. Notice that
the last implication is based on the adoption of a specific afterglow model
for converting LX,24 hr in Ekin. The conversion factor depends on all the mi-
crophysical parameters, therefore the conclusion that the ratio Ekin/Eiso is
larger for our sample holds in the assumption that all GRBs (with and with-
out plateau) share similar microphysical parameters.
Alternatively to the energy injection scenario, the emission from the for-
ward shock can still produce a plateau phase if the blast wave is stratified
in velocity (Rees and Mészáros, 1998). In the specific, if the faster compo-
nent of the ejecta is launched later, it catches the slower one, resulting in
a refreshed shock wave. If the stratification is given by a smooth distribu-
tion in Lorentz factor, the effect is a flattening of the light curve, while in
the limit of two distinct shells launched at different speeds the light curve
could show a re-brightening, followed again by standard forward shock
decay. Though, notice that also in this scenario the broad band emission
should be compatible with a single synchrotron component.
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FIGURE 5.20: Comparison between the isotropic equivalent energy Eiso and the
X-ray luminosity at 24 hr after the trigger. The blue solid line and the yellow band
are the best fit and 3σ dispersion, respectively, of the same relation reported by
D’Avanzo et al., 2012 for a complete sample of GRBs observed by Swift.

All the scenarios described so far assume that the afterglow emission is
dominated by the forward shock emission. Alternatively, provided that the
forward shock radiative efficiency is sufficiently low, also the reverse shock
emission can dominate as well . Uhm and Beloborodov, 2007 demonstrate
that the reverse shock emission from a stratified blast wave can easily pro-
duce a flat segment in the X-ray light curve, without assuming any injection
of energy in the forward shock (see also Genet et al. 2007). Moreover the
reverse shock emission is sensible to the change of density of the external
medium, which corresponds to a re-brightening of the optical light curve,
as observed for several GRBs, both in sample 1 (GRBs 100621A, 110213A)
and in sample 2 (GRB 100814A).

Another interesting scenario considers the possibility that the plateau
phase occurs in the coasting phase of the jet propagation, namely before
the blast wave deceleration (Granot et al., 2006; Shen and Matzner, 2012).
Following this idea, Dereli-Bégué et al., 2022 claim that the plateau can be
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still explained in the classical fireball model, provided that the jet is propa-
gating in a wind environment and with a rather low value of bulk Lorentz
factor (∼ few tens). This last condition ensures to have a long enough coast-
ing phase and a corresponding light curve whose temporal slope is close to
the ones observed during the plateau. Though, in order to have the jet dis-
sipation above the photospheric radius, such low values of Lorentz factor
require a not too large isotropic luminosity and a minimum variability time
scale of ∼ few seconds. Moreover, the transparency requirement is satisfied
if rather high values of ϵB (> 0.1) are assumed. Therefore, also this scenario
requires further investigation.

The HLE from a structured jet, as well, provides a viable explanation
for the presence of a plateau phase in the X-ray light curves of GRBs. In
the approach of Oganesyan et al., 2020b, the photons emitted during the
prompt emission at large angles with respect to the jet core arrive to the
observer at late times and less Doppler boosted. According to this model, if
the energy spectrum in the shock comoving frame is the same along the jet
ring, then also the observed spectrum at each time should reflect the same
spectral shape of the prompt emission. Though, since the Doppler boosting
decreases at higher latitudes, the observed spectral peak should decrease
with time as well. Therefore, also in the HLE scenario, we expect an opti-
cal and X-ray emission compatible with a single synchrotron component,
whose characteristic frequencies (νm and νc) decrease in time due to the
Doppler effect. The specific rate of temporal decrease of the characteristic
frequencies depends on the jet structure. We note here that HLE would be
dominant over the afterglow from forward shock emission throughout the
light curve, still being compatible with a single synchrotron component.

Another approach based on the HLE from a structured jet is the one
adopted by Beniamini et al., 2020c; Beniamini et al., 2020a, where the pho-
tons responsible for the plateau emission are produced in the deceleration
phase of the forward shock. In particular, in Beniamini et al., 2022, the au-
thors show also the predictions of the temporal evolution of the cooling
frequency. As shown in Fig. 1 and in Tab. 1 of Beniamini et al., 2022, the
model predicts

−1 < s = −3k − 4
2

< 2, for 0 < k < 2,

for the pre-deceleration and the angular structure dominated phase, while

−1/2 < s = −3k − 4
8 − 2k

< 1/2, for 0 < k < 2,
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for the post deceleration phase. As before, ρ ∝ r−k. These ranges of s are
fully consistent with the ones reported in Tab. 5.9. In this class of models,
the plateau appears when the jet is observed slightly off-axis, namely at
θobs ≳ θj, where θj is the opening angle of the jet core. In Fig. 5.19 the
plateau sample shows no significant deviation from the average Eiso − Ep
correlation, which is largely consistent with the condition θobs ∼ θj.

Among the GRBs in Sample 1, the case of GRB 100621A shows several
peculiarities (Greiner et al., 2013b). The optical light curve clearly shows a
bump around 5 × 103 − 2 × 104 s, while the X-ray light curve is well fitted
by a broken power law. Moreover, the X-ray spectrum shows an evident
softening at late times. Such a softening imposes the introduction of an ad-
ditional spectral break between optical and X-rays, in order to explain the
broad band emission with a single synchrotron component. If this spec-
tral break is identified with νm, the observations would imply a νm which
increases with time. This increase is hardly explained in the framework
of standard forward shock theory, even including an energy injection term
(see eqs. 5.10 and 5.11). Hence, even if GRB 100621A satisfies the conditions
to be in Sample 1, the shape of the optical light curve and the X-ray spectral
softening are hardly explained in the context of standard synchrotron emis-
sion from a single emission zone.

For the GRBs belonging to Sample 2, optical and X-ray data are incom-
patible with a single synchrotron spectrum in at least one temporal bin. In
at least two events (GRB 100814A and GRB 150910A), the optical light curve
has a shape which differs substantially from the X-ray one. In a few cases,
though, the two light curves behave in a similar way, yet the optical emis-
sion appears to be a factor of a few above the maximum extrapolated from
the X-ray flux (e.g., GRB 060614, GRB 081007 and GRB 100418A). When the
optical light curve shows substantial differences with the X-ray one, a sin-
gle synchrotron-emitting region cannot explain the observed broad-band
spectrum. One viable explanation is that the HLE associated to the prompt
phase and external shock emission from a structured jet can simultane-
ously contribute to the broad-band spectrum. The HLE can dominate in
the X-rays, while the optical would be dominated by external shock. If this
last option is valid, this means that the two components cannot have the
same spectral energy distribution, otherwise one of them would dominate
in both the bands, which is not the case. Moreover, if the component that
dominates in the optical is characterised by a non-thermal spectrum, we
should expect an optical spectral index softer than the X-ray one. Indeed,
in order to have an excess flux in optical, the spectral component dominat-
ing in optical should have a steeper spectral slope. If in optical Fν ∼ ν−βopt
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and in X-rays Fν ∼ ν−βX , this would translate in βopt > βX. Though, com-
paring the optical spectral slopes with the X-ray spectral index for Sample
2, we verified that they have compatible values. A possible solution would
be that the optical flux is dominated by a component with a non-thermal
spectrum and a cut-off at energies νopt < νcut−off < νX, or, alternatively, by
a thermal component with a characteristic temperature kT ∼ hνopt.
The analysis described in this section is reported in Ronchini et al., 2022b.

5.3 Conclusions

The origin of the plateau phase in the X-ray light curve of GRBs is still
matter of debate. In this chapter we first defined a complete sample of
GRBs with X-ray plateau, presenting the statistical properties and correla-
tions between the observables. Secondly, starting from the same sample
we restricted our analysis to those cases where also optical data are avail-
able simultaneously to the X-ray plateau. We performed a time-resolved
spectral analysis in the X-rays and we compared X-ray and optical data to
verify if they are compatible with a single synchrotron spectrum. While
the majority of the cases show compatibility with a single component syn-
chrotron origin of the multi-band emission, we collect evidence that some
GRBs (∼ 1/3 of the entire sample) are incompatible with the standard for-
ward shock emission from a single dissipation zone.
For the sample of GRBs compatible with a single zone emission, we derive
the temporal evolution of the cooling frequency and we compare it with the
predictions from several models. We show that the majority of the GRBs
shows a cooling frequency which decreases in time. For the GRBs which
show a plateau both in X-ray and in optical (19 over 30), this leads to a du-
ration of the optical plateau larger than the X-ray one. Moreover, we verify
that the transition of the cooling frequency across the optical band is com-
patible with a simultaneous steepening of the optical light curve. We find
that both an energy injection model and the scenario of HLE from a struc-
tured jet predict a temporal decay slope in optical/X-ray and trend of the
cooling frequency compatible with the observations. This is due to the fact
that both scenarios assume classic synchrotron emission. However, while
in energy injection this would come from the afterglow (external shock), the
HLE emission model would imply that everything comes from the prompt
emission region, while the external shock would always remain subdom-
inant. A model in which the plateau is produced by the external shock
viewed off-axis, like the one proposed by Beniamini et al., 2022, would be
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FIGURE 5.21: Range of X-ray flux expected during the plateau phase of short
GRBs. THESEUS-SXI flux limits are shown for two exposure times, 1 ks and 10
ks. The LVK O5 and ET ranges for BNS detection are show as well. Image adapted
from Ciolfi et al., 2021.

degenerate with energy injection in the framework of our study.
Concerning the second sample of GRBs not compatible with a single syn-
chrotron spectrum, the optical emission lies above the extrapolation in-
ferred from the X-ray analysis. Neither the energy injection model nor the
HLE model alone can account for this behaviour, while an interplay of both
process can be a plausible solution.

5.3.1 Further studies of the GRB plateau: perspectives for
future instruments in the multi-messenger context

In this chapter we explored and investigated the properties of the X-ray
plateau in GRBs, through a statistical analysis of its occurrence and a de-
tailed comparison of optical/X-ray light curves and spectral evolution. This
is of crucial importance when we need to perform reliable predictions about
the detectability of the X-ray afterglow with future instruments. The impact
of our work can be summarised as follows:

• The results of the first part of this chapter help us to enrich our knowl-
edge of the average occurrence and properties of the plateau phase.
Knowing the typical duration, luminosity and morphology of the
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X-ray light curve is important to validate empirical models for the
prediction of future detections of GRBs in the high-energy domain.
Moreover, such validation can be even more reliable if internal corre-
lations between the prompt emission and the plateau properties are
taken into account.

• From the second part of this chapter we concluded that for a consid-
erable fraction of the analysed cases, the optical and X-ray data are
not compatible with a single synchrotron emission component. We
find that typically the optical flux is above the range expected from X-
rays. This has a fundamental consequence for the detectability with
future instruments. Indeed, since the models currently adopted for
the production of synthetic afterglow light curves usually adopt syn-
chrotron emission (sometimes with the inclusion of SSC), the resulting
predicted optical flux could be under-estimated. This requires the de-
velopment of a model which correctly takes into account the observed
optical excess during the X-ray plateau. Additionally, a more refined
estimation of the optical afterglow brightness and duration would al-
low us to infer the probability of obtaining a precise measurement of
the GRB redshift.

The X-ray plateau has also interesting applications in the multi-messenger
context, which are the following:

1. If the remnant of a BNS mergers is a long lasting highly magnetised
NS, there could be a post-merger emission of continuous GWs due
to the deformation of the NS induced by the re-arrangement of the
internal magnetic field (Dall’Osso et al., 2015). This process tends
to change the spin axis of the NS until the quadrupolar moment is
maximised. Provided that the spin-down process does not dominate
the loss of angular momentum, the emission of GWs can be efficient.
The authors estimate that with 3G GW detectors, such as the Einstein
Telescope, such kind of emission could be potentially detectable up
to ∼ 300 Mpc. Since such a process can produce simultaneously a
spin-down emission and a GW emission, the detection of GWs in cor-
respondence of an X-ray plateau of a short GRB would represent a
strong indication of the magnetar origin of this last.

2. In the interpretation of the X-ray plateau as signature of a magne-
tar wind, the emission could be potentially quasi-isotropic. There-
fore it could represent a potential EM counterpart associated to BNS
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mergers, even if the relativistic jet is highly off-axis. Notice that the
same would not be true if the plateau is related to the jet structure.
Indeed, in this last case the off-axis emission would be much fainter
than the on-axis one. Nevertheless, as showed by Ascenzi et al., 2020c,
future instruments such as THESEUS will be potentially able to de-
tect the structured jet emission up to very large viewing angles (e.g.,
θmax ∼ 30◦ − 40◦ for a GRB at z=0.5, though this strongly depends
on the assumptions about the structure, as well as radiation efficiency
and opacity at large inclination angles). The results of our investiga-
tion on the X-ray plateau have been exploited to perform a detailed
assessment of the future potentialities of THESEUS regarding the de-
tection of EM transients associated to CBMs. In particular our sta-
tistical study of the plateau properties have been used to predict the
detectability of the plateau phase with THESEUS-SXI, as a function
of the source distance. The result is shown in Fig. 5.21, where the
expected flux during the plateau is derived considering the average
plateau luminosity of all the short GRBs with known redshift. For
comparison also the LVK O5 and ET ranges for BNS detections are
shown. Assuming an exposure of 1 ks, THESEUS would detect about
90% (30%) of all X-ray plateaus up to 330 Mpc (2.9 Gpc), which is
the typical 2G (ET) GW detection range for a randomly oriented BNS
merger. These results, together with all the other multi-messenger as-
pects of the THESEUS scientific return, are reported in (Ciolfi et al.,
2021).

3. The plateau phase is expected to be associated with high energy neu-
trinos emission, which can be detected by IceCube in spatial and
temporal coincidence with GRBs. In this regard, the sample defined
in this chapter has been exploited to perform a single source and a
stacked search on 10 years of IceCube data, adopting a weighting fac-
tor which is physically motivated by observational constraints. The
expected neutrino flux scales with the isotropic fluence of the source,
therefore, if we limit our study to the afterglow phase of GRBs, X-ray
plateaus, along with X-ray flares, are the most promising candidates,
thanks to a flux which is kept almost constant up to 104 − 105 s. In
general, if the plateau is associated to the emission from the external
shock, the expected neutrino flux is not large, since it scales with the
inverse of the size of the emission region. On the other hand, if the
origin of plateau is conneted to an internal dissipation and the bulk
motion is not highly relativistic, the efficiency of neutrino production



5.3. Conclusions 153

is enhanced (e.g., Kimura 2022). Despite our study does not confirm
any neutrino-GRB coincidence, it allows us to infer important con-
straints on the emission site properties, such as the baryon loading,
the Lorentz factor or the magnetic field strength. This work has been
published in Lucarelli et al., 2022.
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Chapter 6

Joint detection of GWs and
high-energy signals from BNS
mergers

The detection of short GRBs associated with GW signals from BNS mergers is
currently limited by the sensitivity of the LIGO, Virgo and KAGRA detectors, and
by the small probability to detect systems with the beamed GRB emission pointing
to Earth. To increase the efficiency of the GRB/GW search, the LVK collaboration
performs a triggered search for GWs in the time window and position of observed
GRBs. Section 6.1 describes this analysis, my contribution to this search within
the LVK collaboration and the results obtained analysing the data taken during the
first, second and third runs of observations of LIGO and Virgo. The results of this
work have been published in Abbott et al., 2022a.
The combined observation of GW170817/GRB170817A represents the only case of
joint detection of a short GRB and GWs, so far. The invaluable wealth of informa-
tion and new insights obtained by this event show the enormous potential of BNS
mergers as multi-messenger sources. Within this context, this chapter focuses on
the joint detection of GWs and high-energy (γ and X-ray) signals from BNS merg-
ers by the next generation detectors. The advent of the Einstein Telescope (ET),
together with other 3G GW detectors, will revolutionise the BNS study enabling
to detect ∼ 105 mergers per year up to high redshift. The high-energy emission
will be essential for the identification of the counterpart at high redshifts, where
the optical emission is too faint to be detected. Understanding how to optimise the
joint detection probability is a crucial key to maximise the multi-messenger scien-
tific return of each GW detection. Section 6.2 presents the work done to evaluate
the ET detection and parameter estimation capabilities as well as the synergy be-
ween ET and future high-energy telescopes in terms of number of joint detections,
observational strategy and science impact. Methodology and results are published
in Ronchini et al., 2022a.
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6.1 Current status: searches for GWs in coinci-
dence with GRBs

The type of signal of GWs expected in correspondence to GRBs depends on
the GRB progenitor:

• in the case of a CBM, the inspiral and merger GW signal is well mod-
elled, using numerical simulations of general relativity. Hence, the
modelled search of a GW signal is performed through a direct com-
parison of data with a template bank of waveforms.

• in the case of a collapsar-driven GRB, a GW signal could be detectable
as long as the SNa explosion has a relatively large level of asymmetry.
In this case the GW waveform is highly uncertain due to the difficulty
of simulating with sufficient precision the micro-physics acting in a
supernovae explosion. The search of GWs, therefore, is limited to
the search of an excess of power measured as signal amplitude with
respect to the noise (unmodelled search).

In both cases the significance of a signal is expressed in terms of signal-
to-noise ratio (SNR). A detection is claimed once the SNR exceeds a given
minimum threshold and the detection significance is estimated through a
Bayesian approach. As well known, the addition of further information
on the source can modify the priors probability distribution, making the
search more effective. The GW search that uses external information (typ-
ically electromagnetic or neutrino events) from the possible GW source is
called triggered search (Abbott et al., 2008). In the case of a GRB the posi-
tion and time of the GRBs can be used in the GW analysis. Thus, if the GW
search is restricted to a specific time window and a specific region of the
sky, a given GW signal can have higher significance compared to an all-sky
search. Furthermore, if the GRB distance is known, the GW search can be
restricted to a parameter space which is even more reduced. The search
for joint GW/GRB detection is done in real time when the GRB alerts are
sent but also off-line by re-analysing all the data. The off-line analysis ben-
efits of better estimation of the noise and the possibility of performing the
analysis exploring all the source parameter space. If there is an event ex-
ceeding a significance of 5σ, the joint GW/GRB detection can be claimed. I
participated in the off-line analysis of the O3 data in coincidence of GRBs
detected by Fermi and Swift. In particular I was responsible of the analysis
of 5 GRBs.
For the off-line search of GW signals in coincidence with merger-driven
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GRBs, the PyGRB pipeline is used (Williamson et al., 2014). In this case, in
order to select events more likely associated with binary merger of compact
object, short GRBs with a duration t90 < 2s are selected. The time window
for the GW search is restricted to the range [tGRB − 5s, tGRB + 1s], where
tGRB is the GRB trigger time. The asymmetry of the interval is due to the
fact that some scenarios predict the formation of a relativistic jet and the
consequent dissipation via prompt emission can be delayed with respect to
the merger time. The exact value of the delay may strongly depend on the
nature and life-time of the remnant, as well as on the specific time needed
by the jet to propagate and break through the ejecta. An additional interval
of time of 90 s, centred around the GRB trigger, is used for the estimation of
the GW background. PyGRB exploits a matched-filter approach, based on
a comparison of real data with signals from a template bank, where a wide
parameter space of the binary system is explored (e.g. component masses,
orbital plane inclination, spins). Additionally the sensitivity of the search is
evaluated injecting and recovering artificial signals. The sensitivity is quan-
tified by the 90% exclusion distance D90, namely the distance within which
90% of the injected signals are recovered. The larger the D90 is, the more
efficient is the search, mainly affected by the number of active interferom-
eters, the background noise present around the GRB trigger and the GRB
orientation in the sky with respect to the instrument antenna pattern.
As standard procedure, the GW search first is done on a time interval that
excludes the central window around the GRB trigger and this procedure
creates a so called closed box. The analysis of the closed box enables us to
verify the quality of data (through injected/recovered signals) and possible
issues in the background, e.g. if the noise deviates from a Gaussian dis-
tribution. Once the quality of the closed box is checked, the central time
window is included in the analysis and this creates the so called open box.
The analysis of the open box gives the final result about the loudest event
(higher SNR) and associated false alarm probability. For the search of GWs
in coincidence to merger-driven GRBs, I run the PyGRB pipeline for GRB
200327A, on behalf of the LVK GRB/FRB group.
For the off-line search of GW signals associated to collapsar-driven GRBs,
the Xpipeline is used (Sutton et al., 2010). This pipeline searches for coher-
ent excess power in the available operating interferometers during the GRB
trigger. Here the search is extended on a wider time range corresponding
to [tGRB − 600 s, tGRB + max (t90, 60 s)], due to the larger uncertainties on
the physical process at the origin of GW emission in the case of a star col-
lapse. The coherent excess power search is based on the comparison of the
frequency-time maps of different interferometers. A GW with unknown
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waveform is expected to produce the same power in different interferom-
eters, for a fixed frequency, but with a delay time due to the separation in
space of the instruments. For the un-modelled search I run the Xpipeline
on behalf of the LVK GRB/FRB group for four different GRBs. The results
of my analysis contribute to the LVK publication Abbott et al., 2022a. Apart
GW170817, in none of the three LVK observing runs a GW/GRB association
has been confirmed (Abbott et al., 2017e; Abbott et al., 2019; Abbott et al.,
2021c; Abbott et al., 2022b), neither with the use of PyGRB or Xpipeline.
The main results of the GW/GRB search in the O3b run, reported in Abbott
et al., 2022a, are the following:

• A total of 17 GRBs have been analysed with the modelled search and
86 with the unmodelled search. For each group a cumulative his-
togram of the exclusion distance D90 has been obtained. The main
difference with O3a results is that the median D90 is larger, mainly at-
tributed to the inclusion of the autogating, a technique able to remove
more efficiently glitches in the data.

• The non-detection of coincidence of GW/GRB signals allows us to
impose constraints of the shape of the GRB luminosity function. This
has been done assuming a given parametric function for the lumi-
nosity function, described by a triple power law. The parameters of
this functions are three slopes, two break luminosities and one low-
luminosity cutoff. In this work only the low-luminosity slope and cut-
off are left as free parameters, while the others parameters are fixed to
the ones derived by Wanderman and Piran, 2015. Following a maxi-
mum likelihood approach and imposing that during all the GW runs
the only joint GW/GRB detection is given by GW170817, a posterior
distribution can be derived for the low-luminosity parameters of the
luminosity function. The resulting luminosity function, marginalised
over the posterior, is shown in Fig. 6 in Abbott et al., 2022a.

• The combined analysis of the targeted search during all the three ob-
serving runs leads to an estimation of future joint GW/GRB detec-
tions in O4 equal to Nj = 1.04+0.26

−0.27yr−1.

.
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6.2 Future prospects: joint detection of GWs-
short GRBs in the Einstein Telescope era

In this section we explore the potentialities of the ET for the joint GW/EM
detection of short GRBs, with a particular focus on the high-energy (X-ray
and γ-ray) EM counterparts and the role of wide field telescopes. High-
energy observatories will become more and more crucial to work in syn-
ergy with GW detectors which will make it possible to reach even larger
distances. They represent a unique way to detect high redshift counter-
parts. Being intrinsically fainter than the high energy emission, the kilo-
nova emission will be hardly detected at distances larger than a redshift
of 0.3 even with next generation optical wide FOV observatories, such as
the Vera Rubin Observatory (see e.g., Maggiore et al. 2020). Larger dis-
tances can be reached with extremely large telescopes, such as ELT, but only
arcmin-arcsec localised GW sources can be effectively pointed by these tele-
scopes. The next generation of GW detectors observing with sensitive wide
FOV high-energy satellites will enable i) to build large samples of joint de-
tections, ii) to have joint detections at high redshift, and iii) to observe, in
the local Universe, counterparts from larger viewing angles with respect
to the jet axis which will enable precise parameter estimation of the source
progenitor properties. This will allow us to deeply investigate the connec-
tion between BNS mergers and short GRBs, to unveil the jet structure (Be-
niamini et al., 2019a; Hayes et al., 2020; Biscoveanu et al., 2020), to estimate
how many BNS mergers produce jets (Salafia et al., 2022), how the produc-
tion of the jet is connected to the progenitor properties, and what is the
relation between merger remnants and the properties of the high-energy
emission. Accessing a large sample of joint detections at high-redshift will
enable us to evaluate cosmological parameters, including the Hubble con-
stant and the dark energy equation of state (Zhao and Wen, 2018; de Souza
et al., 2022; Yu et al., 2021; Chen et al., 2021), and test modified gravity at
cosmological distances by comparing the GW luminosity distance and the
one derived from the electromagnetic side (Belgacem et al., 2019; Mancar-
ella et al., 2022). Identifying the BNS host galaxies and having a redshift
will be of primary importance for these science cases. γ-ray and X-ray tele-
scopes can potentially give precise (arcmin-arcsec) sky localisation to drive
the ground-based follow-up.
Here we work in the assumption that the majority of short GRBs are pro-
duces by BNS mergers, thus neglecting the contribution from the NS-BH
channel. The reasons are two-fold: 1) The estimated rate of NS-BH is ∼
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1/10 the BNS rate, even if the current uncertainties are quite large (Abbott
et al., 2020a); 2) The probability that a NS-BH system is able to launch a rel-
ativistic jet depends on the amount of accreted mass, which is not directly
swallowed by the BH. Therefore the production of a short GRB is expected
only for a specific combination of binary mass ratio and BH spin. The com-
bination of these two factors justify our choice to consider BNS mergers as
primary progenitors of short GRBs (see also Pannarale and Ohme 2014).
The population synthesis model for the cosmic BNS merger rate density, the
GW detector configurations and the modeling of the GW signal, the model-
ing and calibration of the prompt and afterglow emission are described in
Sec. 6.2.1. In Sec. 6.2.2 and 6.2.4 we show the predictions for joint detection
of GW along with prompt and afterglow emission exploring several obser-
vational strategies. We consider ET as single observatory and in different
networks of 3G GW detectors observing together with future high-energy
facilities, which can operate in survey and pointing modes. We conclude
highlighting the perspectives for joint GW and high-energy detections, dis-
cussing the optimal instruments and observational strategies to completely
exploit the synergy between 3G GW detectors and γ− and X-ray satellites,
and the impact on the multimessenger science case.

6.2.1 Modeling and data analysis

In order to produce reliable estimations of joint GW/EM detection with
future detectors, a complete and observation-based theoretical modelling is
necessary. The logical steps behind the theoretical setup and the following
analysis are listed here:

1. The cosmic rate density of BNS mergers is simulated with a state-of-
the-art method, based on population synthesis model.

2. The high-energy EM signal associated to each BNS is predicted
through the development of a phenomenological model, which works
in the assumption of a universal jet structure.

3. The EM model is calibrated imposing that it is able to reproduce the
statistical properties of short GRBs observed so far. Additionally the
internal parameters are tuned in such a way that, independently on
the local BNS merger rate, the average short GRB rate observed by
Fermi is reproduced.
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4. Once the model is calibrated, the temporal and spectral properties of
the prompt and afterglow emission are self-consistently predicted, as
a function of the jet viewing angle.

5. The detectability of the EM emission is evaluated considering cur-
rently operating and future high-energy telescopes.

6. The detectability and parameter estimation of the GW signal is per-
formed adopting a Fisher matrix approximation.

7. Several observing strategies are taken into account, which also exploit
the knowledge of GW parameters.

The BNS population model

The cosmic rate density of BNS mergers adopted in this work has been
simulated using the approach detailed in Santoliquido et al., 2021. The cat-
alogue of isolated compact binaries is generated with MOBSE (Mapelli et
al., 2017; Giacobbo et al., 2018; Giacobbo and Mapelli, 2018), which is a
population synthesis-code taking into account the metallicity dependence
of mass-loss rate of massive stars, the uncertainty related to the common en-
velope evolution, natal kicks and mass transfer efficiency. The BNS merger
rate density as a function of redshift is obtained with the COSMORATE code
(Santoliquido et al., 2020). The details about the adopted prescriptions and
assumption are reported in Appendix D.1. For the NS mass we assume
a uniform distribution in the range [1 − 2.5] M⊙ and no correlation exists
between one mass the the one of the companion. The assumption of a uni-
form and broad mass distribution is consistent with the last results from
GW observations (The LIGO Scientific Collaboration et al., 2021b). The
specific shape of the NS mass distribution can have a relevant impact on
the GW detection efficiency and hence on the portion of the accessible Uni-
verse. This, in turn can impact also our results of the estimation of the
joint GW/EM detection rate. In Appendix D.4 we describe how the GW
detection efficiency depends on the assumption about the mass function, in
particular assuming using a mass distribution sharply peaked around 1.33
M⊙ as observed in Galactic double neutron-star systems (Özel and Freire,
2016). The uniform mass assumption is the most optimistic one, since more
system with higher chirp mass are expected.
With the adopted simulation setup described above, the entire population
consists of ∼ 9 × 105 BNS mergers per year (observed at Earth by an ideal
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instrument), and the local BNS merger rate (RBNS = 365 Gpc−3yr−1) is con-
sistent with the most updated constraints provided by GW observations
during the first, second and third run of observations by the Advanced
LIGO and Virgo detectors (RBNS ∈ [10 − 1700]Gpc−3yr−1, The LIGO Sci-
entific Collaboration et al. 2021a; The LIGO Scientific Collaboration et al.
2021b; Abbott et al. 2021a; Abbott et al. 2021b). Moreover, the local rate as-
sumed here is perfectly consistent with the collection of local BNS merger
rates given by Mandel and Broekgaarden, 2021 and including both ob-
served (from GW, kilonovae, SGRBs, and Galactic pulsar binaries’ obser-
vations) and theoretically predicted rates. The BNS systems are injected
with an isotropic distribution in the sky.

GW detector configuration, GW signal modeling and parameter estima-
tion

In this work, we consider three GW detector configurations:

1. ET as a single detector located in Sardinia (Italy)

2. ET in a network with CE (40 km arms) located in the LIGO-Livingston
site

3. ET in a network with 2CE of 40 km arms, with the second CE located
in Australia

We assume the full sensitivity configuration for ET (referred as ET-D con-
figuration, Hild et al. 2011). For CE we use the sensitivity of the 40 km
arms detector given by Evans et al., 2021b. For CE as well as for each of
the three combinations of high and low frequency interferometers of ET we
assume a duty cycle of 0.85. Starting from the BNS population described
in Section 6.2.1, we inject GW signals constructed using a post-Newtonian
formalism, in particular assuming a TaylorF2 waveform (Buonanno et al.,
2009). Since the spin is expected to be small in binaries of neutron stars
that merge within a Hubble time (Burgay et al., 2003), the effects due to
spins are neglected. The signal-to-noise ratio (S/N) of each inspiral is then
computed through a matched-filter. A network S/N threshold equal to 8 is
used to select GW detections.
The parameter estimation is obtained using the GWFish code (Dupletsa et
al., 2022) and computing the elements of the inverse of the Fisher matrix
(Grimm and Harms 2020). The code, for which I participated in the testing
and development, is publicly available at this repository1. In GWFish the

1https://github.com/janosch314/GWFish

https://github.com/janosch314/GWFish
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BOX 6.1: HOW GWFish WORKS
GWFish is a code which is able, starting from an injected GW and a given detector con-
figuration, to evaluate the detection significance in terms of SNR, as well as to perform a
full parameter estimation. Standard GW parameter estimation involves a full Bayesian-
based procedure using posterior sampling and Monte Carlo techniques. However, this
procedure, even if numerically reliable, is computationally expensive. Therefore, if we
need to explore the detector capabilities over a complete population of sources dis-
tributed across the Universe, a large amount of signals have to be processed (the average
merger rate both for BNS and BBH can exceed 106 yr−1). With this purpose, GWFish has
been conceived to radically reduce the parameter estimation computational time, work-
ing in the high SNR limit, where a Fisher matrix approach is valid.
The elements of the Fisher matrix are defined as

Fij =
N

∑
k=1

〈
∂xi h

k | ∂xj h
k
〉

,

where the sum is extended to all the operating interferometers, h is the modelled signal
and xi are the parameters of the model. Here, the scalar product is defined as:

⟨a | b⟩ = 4
∫ ∞

0
d f

Re (a(x⃗, f )b∗(x⃗, f ))
Sn( f )

,

where Sn( f ) is the power spectral density of the detector noise, which is assumed to
be Gaussian and stationary. It can be shown that in the high SNR limit, the inverse
of the Fisher matrix well approximates the covariance matrix, from which parameters
uncertainty can be derived as the diagonal elements:

σi ∼
√

d−1
i ,

where di = Fii. GWFish works in the frequency domain, under the stationary phase
approximation. This allows to accurately take into account also the time-dependent po-
sition and orientation of the detectors, which is relevant especially when long-lasting
signals (e.g. BNS inspirals) are considered. Accessing lower frequencies makes the sig-
nal stay for longer time in the 3G detector band, which is even more crucial for ET. This
advantage, together with about one order magnitude improvement at all detectable fre-
quencies and with the inclusion of current GW detectors, make the parameter estima-
tion much more precise thanks to the larger SNR.

waveforms, modeled in frequency domain, are implemented from scratch
and the code includes an interface with LALSimulation2.

Detector networks consider Earth’s rotation, which has an impact on the
localisation capabilities. The most important computational aspects (wave-
form derivatives and Fisher matrix inversion) are carried out using an hy-
brid approach for derivatives (analytic and numeric) and a combination

2https://lscsoft.docs.ligo.org/lalsuite/lalsimulation/

https://lscsoft.docs.ligo.org/lalsuite/lalsimulation/
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of matrix normalization and singular value decomposition for matrix in-
version (which takes care of the quasi singularity of the Fisher matrices).
Such an approach approximates the true likelihood with a Gaussian pro-
file, which is valid in the limit of a high information content in the data. In
this regime the likelihood is highly peaked and the role of priors is negligi-
ble. Hereafter, the uncertainty on the sky localisation ∆Ω is given as 90%
credible region, while the uncertainty on other GW parameters, such as θv
and luminosity distance, is given at 1σ confidence level.

Prompt emission modeling

In this section we describe a method to predict the main features of the
prompt γ-ray emission produced by the BNS merger. The basic dissipation
mechanism behind prompt emission is still poorly understood. Since no
specific process is strongly favoured over the others, we do not make any
assumption on the physical origin of the prompt emission. The model we
propose is phenomenological, namely it directly predicts physical observ-
ables, without making strong assumption about their physical origin. In
this way, the model can be calibrated with a direct comparison with real
observed data.
As described in Section 3.3, several conditions are necessary such that a rel-
ativistic and collimated outflow is produced after a BNS merger. Moreover,
even if a jet is launched, it must be able to break through the ejecta in order
to release a detectable γ-ray emission. Several efforts have been spent to
carefully model how the jet launch and successful break out may depend
on the initial condition (e.g. Salafia et al. 2020a), but many uncertainties
still affect these approaches, making any prediction strongly model depen-
dent. Therefore we decide to parametrise the probability that a jet is able to
penetrate the post-merger ejecta and to successfully break-out introducing
a parameter f j. This is a free parameter of our model and it is defined as
the fraction of BNS which are able to produce a jet. Hence, if ρ̇sGRB(z) and
ρ̇BNS(z) are the cosmic rate densities (in units of events per comoving vol-
ume per comoving time) of the sGRB and BNS populations, respectively,
then:

ρ̇sGRB(z) = f jρ̇BNS(z).

We notice that, in principle, f j could depend on the properties of the binary
system, such as the component masses and spins, but here we do not as-
sume any dependency.



6.2. Future prospects: joint detection of GWs-short GRBs in the Einstein
Telescope era 165

BOX 6.2: THE ASSUMED UNIVERSAL JET STRUCTURE
The properties of the γ-ray and X-ray emissions are evaluated in the assumption of a
universal jet structure (Lipunov et al. 2001, Salafia et al. 2015b, Salafia et al. 2019b, Salafia
et al. 2020b), which is the same of GRB 170817A. In particular, we adopt:

ϵ(θ) =
dE
dΩ

∝
1

1 + (θ/θc)sϵ
(6.1)

and
Γ(θ) = 1 +

Γ0 − 1
1 + (θ/θc)sΓ

, (6.2)

where ϵ(θ) is the angular structure of the local emissivity and Γ(θ) the bulk Lorentz
factor profile (θ is the polar angle measured from the jet symmetry axis). The choice
of θc and Γ0 influences the number of prompt emission detections, while the off-core
specific shape of the jet has more impact on the brightness of the afterglow component
and the prompt tail. From the modeling of radio afterglow of GRB 170817A (Ghirlanda
et al., 2019c), the best fit parameters of the jet structure are the following:

sϵ = 5.5+1.3
−1.4, sΓ = 3.5+2.1

−1.7, θc = (3.4 ± 1.0) deg. (6.3)

For our modeling, we fix for simplicity sϵ = sΓ = s and we adopt:

s = 4, θc = 3.4 deg. (6.4)

Moreover, we fix Γ0 = 500, which is in agreement with usual values inferred for GRBs
(e.g., Ghirlanda et al. 2018). These parameters are the same for the modeling of both
prompt and afterglow emission. A broader structure with s = 2 and same θc is also
tested (Rossi et al., 2002a). Hereafter we refer to Stru1 for the case s = 4 and θc = 3.4
deg and Stru2 for the case s = 2 and θc = 3.4 deg.
The dependency of our results on the choice of the structure parameters is discussed
later in In Sec. 6.2.2 and 6.2.4. The aperture angle assumed here is consistent with the
values found in SGRBs with well constrained jet break (typical values of θc are in the
interval ∼ 1◦ − 8◦, see Fong et al. 2014, Jin et al. 2018 and references within). Similar
values are found in hydrodynamical simulations of jet propagation in NS mergers, for
example Lazzati et al. 2018b predicts a jet aperture angle of ∼ 5◦ (see also Geng et al.
2019, Wu and MacFadyen 2018). Also Lamb et al., 2022b find a rather small jet core
(θc ∼ 2.2◦) and a jet profile compatible with eq. 6.1 and 6.2, with best fit values sϵ ∼ 3.1
and sΓ ∼ 1.8.

Hereafter, we assume that all the jets share a common structure, de-
scribed in Box 6.2, and they differ only in the energy content, prompt emis-
sion duration and comoving spectral properties. We define Et the beaming
corrected energy budget of the jet, which is connected to the isotropic en-
ergy measured by an observer aligned to the jet (on-axis) in the following
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way:

Eiso =
4π

∆ω
Et, (6.5)

where ∆ω ∼ 4π(1 − cos(θc)). Et is related to ϵ(θ) through the following
relation:

Et =
∫

Ω
ϵ(θ)dΩ.

We note that Et does not represent the energy content of the jet, but rather
the energy which is converted into radiation through dissipation mecha-
nisms (such as internal shocks or magnetic reconnection). We extract the
value of Et from the following probability distribution:

P (Et/E∗) ∝ (Et/E∗)−λE e−E∗/Et , (6.6)

which is a power law with a low-energy exponential cut-off. The choice of
this specific functional form is justified as follows. As shown in Appendix
A.2, if the core luminosity follows a power law distribution3 in the form
P(L) ∝ L−k, then the luminosity function of a structured jet is well approx-
imated by a broken power law:

ϕ(L) ∝

{
L−α , L < L∗
L−k , L > L∗

,

where α depends only on the specific assumed structure. Therefore the as-
sumed functional form reported in eq. 6.6 is in agreement with a broken
power law profile of the luminosity function, strongly favoured from past
populations studies of short GRBs (Wanderman and Piran, 2015; Ghirlanda
et al., 2016b).
The prompt emission spectrum is assumed to be angle-independent in the
jet comoving frame and follows a smoothly broken power law, with low-
and high-energy photon indices of 2/3 and 2.5, respectively. These are typ-
ical values measured for SGRBs (Nava et al., 2011). For an on-axis observer
in the rest frame of the source, we assume that the spectral peak energy has
a log-normal distribution, that is to say:

P(log
(
Ep
)
) ∝ exp

(
− (log

(
Ep
)
− log(µE))

2

σ2
E

)
, (6.7)

3Both Et and core luminosity follow the same probability distribution in the approxi-
mation that the emission duration is highly peaked around a single value
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where µE and σE are the mean value and the standard deviation of the dis-
tribution, respectively. The assumed distribution function corresponds to
that adopted by Ghirlanda et al., 2016b. Such distribution in the observer
frame is equivalent to assume a monochromatic distribution of E′

p in the jet
comoving frame and a log-normal distribution of Γ0 (indeed Ep = Γ0E′

p).
For the computation of the burst duration, we compute the time t90 such
that the energy emitted from 0 to t90 is equal to the 90% of the total energy
released by the GRB 4. The light curve is approximated with a linear rising
phase from t = 0 to the peak time t = tp, followed by a decreasing phase
which evolves according to high latitude emission (HLE). Therefore we as-
sume that a single pulse dominates the SGRB emission. For tp we consider
a log-normal distribution as well, as measured in the rest frame of the burst
from an on-axis observer:

P(log
(
tp
)
) ∝ exp

(
− (log

(
tp
)
− log(µτ))2

σ2
τ

)
. (6.8)

The functions introduced above fully describe the prompt emission observ-
ables for an on-axis observer. To predict the viewing angle-dependent ob-
servables, we follow the approach described in Appendix B.1. Specifically,
we work in the approximation of an infinitesimal duration emission at a
fixed radius R0, namely the burst duration in the rest frame is negligible
compared to the time needed by the jet to propagate up to R0. The pres-
ence of a jet structure like the one adopted here produces an X-ray light
curve with a steep decay followed by a shallower phase, known as plateau.
As mentioned in the introduction of Chapter 5 and in Appendix B.2, the
core radius R0 and the aperture angle θc are the two structure parameters
that determine the duration of the plateau and larger values of R0 and θc
produce a longer plateau. In order to find a fiducial value for R0, we con-
sidered all the SGRBs from the Swift-XRT catalog with a plateau phase.
We verified that the end time of the plateau typically spans in the range
102 − 103 s. Having fixed Γ0 = 500 and θc = 3.4 deg, we therefore adopted
R0 = 5 × 1014 cm in order to obtain a typical plateau duration around few
hundred seconds.
Once the on axis parameters and the viewing angle are known, the off-axis

4As well known, the t90 is an instrument-dependent quantity, therefore our compu-
tation takes into account the specific instrument that we use to calibrate our model. In
particular, given the detection threshold of the instrument, we compute t90 taking into
account the portion of the light curve which is above the detection limit.
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observables can be obtained from the angle-dependent light curve. Un-
fortunately, when the light curve has to be computed by numerical meth-
ods for a large amount of injected BNS, the computational time can grow
significantly. Therefore, to reduce the computational time, we introduce
for each observable X an auxiliary function FX(θv, t) (derived in Appendix
D.3) which describes how the off-axis observable depends on the on-axis
one evaluated at the light curve peak time. Namely, once the jet structure
is fixed and the on-axis observable X is derived by the random sampling of
the distributions mentioned above, the off-axis observable and the relative
temporal evolution can be computed as

X(t, θv) = FX(θv, t)X(t = tp, θv = 0).

Such simplification is extremely helpful when the model has to be cali-
brated through the use of Monte Carlo techniques, which involve ∼ 106

evaluations of the prompt emission observables.5 In the modelling setup
described so far, also the transparency of the emitting region has to be taken
into account. Indeed, in the computation of the observed flux, we need to
verify that the each patch of the emitting region is optically thin. A detailed
treatment of the compactness issue and how it has been taken into account
in our work can be found in Appendix B.3.
With this approach we are able to predict the prompt emission output, as
well as the contribution at later time given by the jet wings due to HLE
effects, which can be relevant for the detectability of the SGRB afterglow,
especially in the X-rays and for off-axis observers.

Calibration of the prompt emission model

Here, we describe the procedure for the calibration of the prompt emission
model and the setup of the joint GW/prompt detection simulation, which
can be summarised in the following steps:

1. For the comparison between model and data, we consider the sample
of short GRBs defined in Ghirlanda et al., 2016b, from which we ex-
tract the probability distribution P(Xo) of each observable, which are
the peak energy, duration, peak flux and fluence. With Xo we indicate
the observed quantity, while with Xp the one predicted by our model.
The calibration sample is obtained by selecting SGRBs in the Fermi

5As described later, the convergence of the parameter estimation needs to produce at
least 104 different realisations of the model and for each realisation order of 100 GRBs are
simulated, for a total of ∼ 106 evaluations of the model.
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parameter prior interval
λE [1,12]

log10 (E∗/1049erg/s) [-2,log10(50)]
log10 (µE/keV) [log10(700), log10(3000)]

σE [0.05,1]
log10 (µτ/s) [−2, log10(4)]

στ [0.05,1]
log10 f j [-3,0]

TABLE 6.1: Prior intervals for the prompt emission model. For λE, σE and στ we
consider a flat prior distribution, while for the others the distribution is flat in
logarithm.

parameter Stru 1 Stru 2

λE 6.7+3.6
−3.3 6.4+3.7

−3.5

log10 (E∗/1049erg/s) −0.30+0.40
−0.34 −0.23+0.48

−0.69

log10 (µE/keV) 3.2+0.1
−0.1 3.2+0.1

−0.1

σE 0.36+0.10
−0.09 0.37+0.10

−0.10

log10 (µτ/s) 0.05+0.24
−0.31 0.02+0.09

−0.10

στ 0.60+0.10
−0.11 0.59+0.09

−0.10

log10 f j −0.59+0.37
−0.32 −0.95+0.52

−0.41

TABLE 6.2: Prompt emission model parameters from the MCMC sampling for the
two jet structures analysed in the present work. The interval of confidence from
the posterior distribution of the prompt emission parameters is given as 1σ.

catalogue with peak flux Fp > 5 ph cm−2 s−1 to ensure the complete-
ness of the sample.

2. Our model depends on the set of parameters

ω = [λE, E∗, µE, σE, µτ, στ, f j].

For each realisation of ω, a sample of 100 GRBs is simulated
and the probability distribution of the simulated observable P(Xp)
is calculated. In order to quantify the predictive power of the
model, we introduce a likelihood function defined as logL =
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FIGURE 6.1: Corner plot of the posterior distribution of the parameters adopted
for the prompt emission model. The assumed structure is Stru1. The number of
MCMC steps is chosen such that the auto-correlation time reaches a plateau, as
described in Foreman-Mackey et al., 2013.

log
(

PC(Npre|Ndet)
)
+∑4

i=1 log(PKS,i), where PC(Npre|Ndet) is the Pois-
sonian probability that Fermi-GBM detects Npre SGRBs per year given
that the average observed number is Ndet, while PKS,i is, for each ob-
servable i, the Kolmogorov-Smirnov probability that the predicted
and observed distributions come from the same population.

3. Adopting the likelihood defined above, the parameter estimation
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FIGURE 6.2: Same as Fig. 6.1, adopting Stru2.

is performed adopting the Goodman & Weare’s Affine Invariant
Markov chain Monte Carlo (MCMC) Ensemble sampler6.

4. The MCMC defines our fiducial posterior distribution for ω. Each
realisation of ω corresponds to a different GRB population. The cal-
ibration is set up in such a way that the statistical properties of the

6We adopted 16 walkers and 30000 steps
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observables, averaged over many realisations of ω, converge to the
statistical properties of the real short GRB sample.7

The detection rate of SGRBs RSGRB,det can be related to the BNS rate RBNS
as:

RSGRB,det =
∫
[
dNSGRB

dzdt
|det]dz, (6.9)

where
dNSGRB

dzdt
|det = ⟨Ωobs⟩ × ϕdet(z)× f j

dNBNS

dzdt
. (6.10)

We note that ⟨Ωobs⟩ is the time-averaged sky coverage of the instrument
and f j is the fraction of BNS able to form a jet. The quantity dNBNS

dzdt is the
number of BNS mergers observed at Earth per unit time and redshift and
it is provided by the population synthesis model. ϕdet(z) is the variable
that combines the detection efficiency of the instrument (which takes into
account the k-correction) and the beaming of the SGRB emission. Namely,
ϕdet(z) represents the probability that a SGRB at redshift z is detectable by
a given instrument at Earth, that is to say:

ϕdet(z) =
NSGRB(F > Flim, z)

NSGRB(z)
,

where NSGRB(z) =
dNSGRB

dzdt
, NSGRB(F > Flim, z) =

dNSGRB

dzdt
(F > Flim)

and Flim is the limiting flux in the band of the instrument. In turn,
NSGRB(F > Flim, z) depends on the luminosity function of SGRBs, their
average spectral properties, as well as on the jet structure.

The inclusion of f j as free parameter of our model makes our estimates
of absolute numbers of detections independent on the overall normaliza-
tion of the BNS population model which is still subject to large uncertainties
(Santoliquido et al., 2021). Indeed the likelihood function is written in such
a way that, whatever the BNS merger rate normalization is, the value of
f j is optimized to reproduce the current average rate of Fermi-GBM detec-
tions. Namely, in eq. 6.10 the quantity dNBNS

dzdt is uniquely determined by the
BNS population model, ϕdet(z) depends on the prompt emission model and
therefore the MCMC converges to that value of f j that reproduces RSGRB,det,

7For instance, for one specific realisation of ω, the isotropic energy distribution may
deviate from the observed one, but the distribution, averaged over many realisation of ω,
converges to the observed one.
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which is known.
This approach therefore implies that the full calibration of the model, and
hence the specific fiducial values of the adopted parameters, depend on the
definition of dNBNS

dzdt . In Appendix D.2 we show how, under the assump-
tion of a fixed luminosity function, the parameters f j changes if we adopt
a different BNS population. In the assumption that the new BNS popula-
tion differs from the one adopted here only for the local rate ρ0 (and not
in the redshift distribution), then we trivially obtain that f j ∝ ρ−1

0 . If this
assumption does not hold, the derivation of f j is less straightforward (see
Appendix D.2).

The MCMC sampling has been performed for two different jet struc-
tures Stru1 and Stru2. For both structures, we obtain the posterior distribu-
tion of the model parameters. The prior intervals are reported in Tab. 6.1.
The confidence intervals of the parameters are reported in Tab. 6.2, while
the corner plots of the posterior distributions are reported in Figs. 6.1 and
6.2 for Stru1 and Stru2, respectively. The modification of the off-core slope
of the jet structure does not influence the best fit parameters, except for f j,
which tends to be smaller for s = 2. Such result is justified by the fact that
a broader structure implies a larger detectability of the prompt emission
at larger viewing angles, which corresponds to a larger number of off-axis
detections. Therefore, for a given BNS population and an average SGRB
detection rate, a broader structure requires a smaller fraction of BNS to be
able to produce SGRB. The confidence interval we obtain for f j is not par-
ticularly tight and it is compatible with other works which combine EM
observations of SGRBs and BNS rates from GW observations (Ghirlanda et
al., 2019c; Salafia et al., 2022; Sarin et al., 2022; Beniamini et al., 2019b; Lamb
and Kobayashi, 2017b).
Recent observations revealed that CBMs can actually produce a GRB with a
duration longer than two seconds (Rastinejad et al., 2022; Mei et al., 2022b).
This means that, in principle, there could exist a sub-population of long
GRBs powered by a CBM and our estimations of joint detections could have
an additional contribution related to that sub-sample of events.

Forward shock modeling

The forward shock (FS) light curves are produced using the Python package
afterglowpy (Ryan et al., 2020b). This semi-analytical code adopts a simpli-
fied equation of state and prescription for the lateral spreading, making it a
precise prediction tool in the ultra-relativistic regime. Compared with fully
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FIGURE 6.3: X-ray light curves of SGRBs with viewing angle 0◦ < θv < 15◦

predicted by our model. The lines are produced with a random extraction from
the posterior distribution of prompt parameters. In the computation we assume
Stru1 and we include both HLE and FS (configuration FS-SGRB). The color of
each line indicates the viewing angle. The X-ray luminosity is computed at 5 keV.

numerical codes, such as BoxFit (van Eerten et al., 2012), Afterglowpy suc-
cessfully agrees at late times, while at early times the discrepancy is below
a factor of 50%. For the jet kinetic structure we assume the same profile
adopted for the structure of the comoving frame emissivity reported in the
prompt emission modeling (see eq. 6.1). This implies that we are assuming
that the conversion efficiency from kinetic energy to radiated energy has
no angular dependence. The detectability of X-ray emission is evaluated
for both Stru1 and Stru2. Afterglowpy includes the parameter θw which is
the angular extension of the jet wings. For Stru1 we assume θw = 15 deg,
while for Stru2 we assume θw = 30 deg. The impact of the choice of θw on
the detectability of X-ray emission is discussed later in the text. The model
depends also on the micro-physical parameters n0, p, ϵe and ϵB which are
the ISM density, the slope of the electron energy distribution, the fraction
of energy carried by electrons and the fraction of energy carried by the mag-
netic field, respectively. In the following, we perform our simulation using
two setups of parameters:

1. n0 = 2.5 × 10−4 cm−3, p = 2.2, ϵe = 0.1 and ϵB = 1.3 × 10−4,
which are the best fit values obtained from the multiwavelength (X-
ray, optical, radio) modeling of the X-ray afterglow of GRB 170817A
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(Ghirlanda et al. 2019c). These values are also consistent with the con-
fidence intervals reported by Wu and MacFadyen, 2019b. We call this
configuration FS-GW17.

2. For the ISM density we take the fiducial interval derived by Fong et
al., 2015b n0 ∈ (3 − 15)× 10−3 cm−3. The other parameters are fixed
to p = 2.2, ϵe = 0.1 and ϵB ∈ [0.01 − 0.1]. n0 and ϵB are uniformly
extracted from the confidence intervals reported above. This config-
uration is more representative for SGRB population with respect to
FS-GW17, and we call it FS-SGRB.

If we call η the fraction of kinetic energy which is transformed into radi-
ation, then Erad/Ekin = (1 − η)/η = η̃ and we assume η̃ randomly dis-
tributed in the interval [0.01 − 0.1]. Fig. 6.3 shows a collection of X-ray
light curves produced with our model at different viewing angles, includ-
ing both HLE and FS (configuration FS-SGRB). The curves are obtained
with a random extraction from the probability distributions of the prompt
parameters described in sec. 6.2.1 and the parameter of each distribution is
extracted from the Monte Carlo posterior described in sec. 6.2.1.

Simulation setup

Here we summarise how the predictions about the joint detections of GWs
and short GRBs are simulated, considering first the γ-ray prompt emission
and later the X-ray emission from the contribution of both forward shock
afterglow and HLE from the structured jet. The fiducial posterior ranges of
the joint detection rates are obtained as follows:

1. For each BNS we derive SNR and parameter estimation with GWFish.
To each BNS we assign a viewing angle θv.

2. The value of the parameter vector ω, defined in Sec. 6.2.1, is randomly
extracted from the posterior distribution defined by the MCMC.

3. Once ω is defined, f j is known as well. Then a random number n is
drawn between 0 and 1, and if n < f j, the jet is successful and we
proceed with the simulation, otherwise we go back to point 1.

4. All the observables, related to both prompt and afterglow, are com-
puted at a viewing angle θ = θv. The detection in the EM domain is
evaluated once the sensitivity of the specific instrument is known.
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5. Steps 3 and 4 are repeated for all the injected BNS, thus obtaining
a single population of short GRBs, once ω is fixed. This defines a
fraction SGW = NGW/Ninj of BNS that have a detectable GW and a
fraction SEM(ω) = NEM(ω)/Ninj of BNS with a detectable EM emis-
sion (γ-ray and/or X-ray), as well as a fraction of joint detections
SEM+GW(ω) = NEM+GW(ω)/Ninj.

6. The quantities SEM(ω) and SEM+GW(ω) are computed for N different
realisations8 of ω. The average value and relative uncertainties of
SEM(ω) and SEM+GW(ω) are reported quoting the 50th percentile and
the 16th-84th percentile as the median and 1σ range, respectively.

For computational efficiency reasons, the viewing angle θv is drawn from a
uniform distribution in cos(θv) in the interval arccos(θmax) < cos(θv) < 1,
where θmax is the maximum angle at which the EM emission can be de-
tected. This means that if Ninj is the total number of BNS injected for
one year of observations, the above distribution of θv implies that we are
simulating a corresponding period of 1 yr/(1 − cos(θv)). Namely, for a
fixed period of observations, the simulation time is reduced by a factor
1/(1− cos(θv)). Notice that θmax depends on redshift, so we conservatively
take θmax calculated at the minimum redeshift of the BNS population.

6.2.2 Joint detection of GWs and the prompt emission

For the detection of the prompt emission from our SGRBs population, we
consider the following γ-ray instruments: the Gamma-ray Burst Monitor
on board of Fermi (Fermi-GBM, Meegan et al. 2009b), the Swift-Burst Alert
Telescope (Swift-BAT, Barthelmy et al. 2005), the Gravitational wave high-
energy Electromagnetic Counterpart All-sky Monitor (GECAM, Li et al.
2020), the ECLAIRs telescope and the Gamma-Ray burst Monitor (GRM) on
board of the Space-based multi-band astronomical Variable Objects Moni-
tor (SVOM, Cordier et al. 2015; Götz and SVOM Collaboration 2012), the
X/Gamma-ray Imaging Spectrometer (XGIS) on board of the Transient
High-Energy Sky and Early Universe Surveyor (THESEUS, Amati et al.
2018; Amati et al. 2021; Ciolfi et al. 2021; Rosati et al. 2021), the Gamma-ray
Transient Monitor (GTM) on board of the Transient Astrophysical Probe
(TAP, Camp et al. 2019), and the High Energy Rapid Modular Ensemble of

8N depends whether we are considering prompt emission or X-ray afterglow, depend-
ing on the computational time required, much larger for the X-ray afterglow, for which the
full light curve has to be simulated for each source. See details in the respective sections
later.
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INSTRUMENT
band Flim FOV/4π loc. acc.

Joint ET
NJD/Nγ

Joint (ET+CE)
NJD/Nγ

MeV erg cm−2 s−1 +γ-ray +γ-ray

Fermi-GBM 0.01 - 25 0.5(∗) 0.75 5 deg (a) 33+14
−11 68+13

−18% 47+14
−14 95+5

−7%

Swift-BAT 0.015 - 0.15 2 × 10−8 0.11 1-3 arcmin 10+3
−3 62+11

−14% 13+5
−4 94+6

−7%

GECAM 0.006 - 5 2 × 10−8 1.0 1 deg 121+84
−48 57+8

−10% 205+145
−72 92+4

−5%

SVOM-ECLAIRs 0.004 - 0.250 1.792(*) 0.16 < 10 arcmin 3+1
−1 69+10

−9 % 4+1
−1 95+5

−4%

SVOM-GRM 0.03 - 5 0.23(*) 0.16 ∼ 5 deg 9+4
−3 59+6

−6% 14+6
−4 92+3

−3%

THESEUS-XGIS 0.002 - 10 3 × 10−8 0.16 < 15 arcmin 10+5
−4 63+13

−13% 15+6
−4 94+6

−7%

HERMES 0.05 - 0.3 0.2(∗) 1.0 1 deg 84+42
−30 61+10

−11% 139+54
−36 94+6

−6%

TAP-GTM 0.01 - 1 1(∗) 1.0 20 deg 60+24
−24 67+13

−14% 84+30
−24 95+5

−6%

(a) The value indicates the 50% percentile of the localisation error of the fourth Fermi-GBM
catalog (von Kienlin et al., 2020). 90% of the GRBs detected by Fermi have a localisation
error below 15 deg.
(∗) expressed in ph cm−2 s−1.

TABLE 6.3: Number of joint GW+γ-ray detections for different combinations of γ-
ray instruments. Columns 5 and 7 give the number of joint GW+γ-rays detections
during one year of observation with ET alone, and the network of ET+CE, respec-
tively. Column 6 and 8 give NJD/Nγ, the fraction of γ-ray detections which have
also a GW counterpart for ET and ET+CE, respectively. The jet structure Stru1 is
assumed.

Satellites (HERMES, Fiore et al. 2020). The first three are currently operating
missions; Swift and Fermi have been observing for more than 10 years, and
GECAM was launched in 2020. SVOM is expected to be launched in 2023.
Nominally they are not expected to be operative in mid ’30s and ’40s when
ET and CE will start observations, but we take them as reference instru-
ments. THESEUS, TAP, and HERMES are mission concepts. The HERMES-
Pathfinder project consisting in the deployment of six cube-satellites is ex-
pected to be operative in the next few years (Fiore et al., 2021). In this work
we consider the final HERMES as a full constellation of cube-satellites. In
order to establish whether the prompt emission is detected, we compute
the peak flux during 1 second exposure and we compare this value with
the detection threshold of the instrument.

The results relative to one year of joint GW+γ-ray detections are re-
ported in Tabs. 6.3 and 6.4 for Stru1 and Stru2, respectively, where we con-
sidered ET and ET+CE as GW networks. The uncertainty intervals are com-
puted simulating 1000 years of observations and for each year the prompt
emission parameters are randomly extracted from the Monte Carlo pos-
terior distribution. In the computation of the absolute numbers, we took
into account the FOV of each instrument, assuming that the probability of
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INSTRUMENT
band Flim FOV/4π loc. acc.

Joint ET
NJD/Nγ

Joint (ET+CE)
NJD/Nγ

MeV erg cm−2 s−1 +γ-ray +γ-ray

Fermi-GBM 0.01 - 25 0.5(∗) 0.75 5 deg (a) 36+14
−14 70+16

−14% 47+18
−14 95+5

−7%

Swift-BAT 0.015 - 0.15 2 × 10−8 0.11 1-3 arcmin 9+6
−3 64+11

−13% 14+7
−4 94+6

−7%

GECAM 0.006 - 5 2 × 10−8 1.0 1 deg 163+175
−60 60+7

−8% 253+271
−96 92+3

−4%

SVOM-ECLAIRs 0.004 - 0.250 1.792(*) 0.16 < 10 arcmin 3+1
−1 71+15

−10% 4+1
−1 95+5

−4%

SVOM-GRM 0.03 - 5 0.23(*) 0.16 ∼ 5 deg 11+6
−4 60+13

−6 % 15+10
−5 92+3

−3%

THESEUS-XGIS 0.002 - 10 3 × 10−8 0.16 < 15 arcmin 11+7
−4 66+12

−16% 16+7
−5 94+6

−7%

HERMES 0.05 - 0.3 0.2(∗) 1.0 1 deg 96+60
−31 64+12

−12% 151+66
−48 94+4

−6%

TAP-GTM 0.01 - 1 1(∗) 1.0 20 deg 66+24
−24 69+15

−14% 90+30
−24 95+5

−7%

TABLE 6.4: As in Tab. 6.3, assuming the jet structure Stru2.

detection is FOV/4π, which implicitly assumes an optimistic duty cycle of
100%. In the case of Fermi-GBM, Swift-BAT and SVOM, we adopt a more re-
alistic value of sky-averaged FOV, which takes into account Sun and Moon
occultations (Burns et al., 2016). In the case of THESEUS-XGIS the FOV we
assumed (∼ 2 sr) is relative to the energy band 2-150 keV. Since the FOV
in the energy band above 150 keV is 2π sr, the reported number of joint
detections is a conservative estimate. Our results show that, already with
ET alone, ∼ 60 − 70% of all the SGRBs will have a detectable GW counter-
part, and this fraction approaches 100% if we consider ET operating with
CE. The less steep structure profile of Stru2 increases the number of joint
detections for the majority of the satellites.
Depending on the properties of each satellite, Tabs. 6.3 and 6.4 show instru-
ments giving a few tens of detections per year and other hundreds of detec-
tions per year. While instruments such as GECAM are optimal for statistical
studies by giving a large number of detections, instruments with a smaller
number of detections but able to localise the source, such as THESEUS-
XGIS, are crucial for science cases requiring the identification of the host
galaxy, the knowledge of the source redshift, and the complete multiwave-
length characterisation of the source emission. Furthermore, the sensitiv-
ity of the instruments considered for the detection of the prompt emission
maximises in different energy bands. While instruments such as GECAM
are appropriate for detecting GRBs with a harder spectrum, GRBs less en-
ergetic (intrinsically or because viewed off-axis) will peak at lower energies
(soft/hard X-rays) and for them instruments such as XGIS are more suit-
able. The presence of multiple instruments will be extremely valuable to
cover the entire energy range typical of the prompt emission of short GRBs.
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FIGURE 6.4: In panel (a) we show the histogram of the joint ET+Fermi-GBM de-
tections (red), together with the distribution of injected BNS (blue), the mergers
detected by ET (orange), the mergers detected by Fermi-GBM (green). The his-
togram is normalised to Ninj = 105, which is the number of injected BNS mergers
in the angle range 0◦ < θv < 15◦ and in the redshift range 0 < z < 4. The
same histogram is shown for ET+CE in panel (b). For visualisation purposes, the
fraction of BNS producing a jet, f j, has been assumed to be one.

Figs. 6.4a and 6.4b show the distribution in redshift of the joint detec-
tions, in the specific case of Fermi-GBM in synergy with ET and ET+CE, re-
spectively. These figures are produced injecting 105 BNS mergers (extracted
from the BNS population, and thus following the astrophysical merger
rate evolution with z), with the viewing angle uniformly distributed in the
range 0◦ − 15◦. Even if we distribute the injections over a wider range of
angles, the number of joint detections (given as fraction of γ-ray detections
having an associated GW counterpart) does not change, since, while there
are GW sources detectable at θv > 15◦, there are no γ-ray detections for
θv > 15◦ (see Fig 6.5 and Fig 6.6). For better visibility, Figs. 6.4a and 6.4b
are produced fixing f j = 1. The value of f j shifts the green and red his-
tograms vertically but does not change their relative ratio. In the case of ET
alone, the GW detector is so sensitive that up to z ≃ 0.8 − 1.0 the probabil-
ity that a SGRB has a detectable GW counterpart is close to 100%. Adding
CE to the network, the GW detection efficiency remains close to 100% for
redshifts above the BNS merger peak. In this section we do not include the
results for ET+2CE, since the addition of another CE would not further in-
crease the joint detection efficiency in the redshift range accessible to γ-ray
instruments for SGRBs.



180 Chapter 6. Joint detection of GWs and high-energy signals from BNS
mergers

FIGURE 6.5: Angle dependency of the joint GW+γ-ray detections for three red-
shift bins, considering ET+Fermi-GBM. The bands are obtained with random re-
alisations extracted from the MCMC posterior samples. For each redshift bin, the
y-axis gives the number of joint detections normalised to 5 × 104 BNS injections
with viewing angle 0◦ < θv < 15◦. We assume that all BNS produce a jet ( f j = 1).

The γ-ray missions that are more suited to maximise the joint detection
rates are those with large FOV and best sensitivity around MeV energies.
However, another parameter to take into account is the localisation accu-
racy by the γ-ray detectors (given in Tables 6.3 and 6.4), which defines
what are the instruments that are able to drive the follow-up observations
by ground-based telescopes, crucial for obtaining the source redshift and to
completely characterise the multiwavelength emission of the source.
Fig. 6.5 shows the distribution of the ET+γ-ray joint detections as a function
of the viewing angle, assuming Stru1, for three redshift bins: z < 0.5, 0.5 <
z < 1.5, z > 1.5. Fig. 6.6 shows the same, but assuming Stru2. Again, as
example, we consider Fermi-GBM as γ-ray detector, but we obtain consis-
tent results for the other γ-ray satellites considered in the present paper.
On the y axis we report the ratio NJD/Ninj between the joint detections over
the total injected BNS (assuming f j = 1) per redshift bin and viewing an-
gle bin. For the viewing angle we consider a linearly spaced grid, where
the width of the single bin is θc/3. The uncertainty bands are obtained
with 15 random extractions of the prompt parameters and each realization
considers 5 × 104 BNS injections with viewing angle 0◦ < θv < 15◦. As
before, a different assumed value of f j just shifts the bands vertically. The
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FIGURE 6.6: Same as Fig. 6.5, but for Stru2.

plot shows a mild decrease of the ratio NJD/Ninj for very small viewing an-
gles (θv ≲ θc/3). Such effect is due to the fact that SGRB viewed on-axis
have very high values of peak energy, meaning that the bulk of the flux is
above the Fermi-GBM band. Therefore, considering two identical SGRBs at
the same redshift, the one viewed at θv ∼ θc appears slightly brighter than
the one viewed at θv ∼ 0. Moreover, the number of sources per unit angle
scales as sin(θv), therefore the small decrease of NJD/Ninj around θv ∼ 0 is
related to the paucity of sources contained in the first angle bin.

6.2.3 Joint detection of GWs and γ-rays from cocoon shock
break-out

In the derivation of the joint GW+γ-ray detections, we have assumed that
all the SGRBs share a common jet structure and that the γ-ray emission is
given by the dissipation of the internal energy of the jet. However, for GRBs
observed at large viewing angles, namely θv ≫ θc, the γ-ray emission from
the shock break-out (SBO) of the jet should be taken into consideration.
Indeed, even if the formation and successful break-out of a relativistic jet
through the post-merger ejecta is not guaranteed, the formation of a cocoon
at very wide angles is commonly expected in the BNS mergers (Ramirez-
Ruiz et al., 2002; Nakar and Piran, 2017b; Gottlieb et al., 2018e). The shocks
driven by the mildly relativistic expansion of the cocoon can produce γ-ray
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TABLE 6.5: Maximum luminosity distance DL,max and number of joint GW+γ-
ray detections of a SBO with the same properties of the γ-ray flash observed in
coincidence with GW 170817.

instrument DL,max (Mpc) Ndet

Fermi-GBM 76.4 < 1

Swift-BAT 123 3

GECAM 210 12

THESEUS-XGIS 114 2

HERMES 121 3

TAP-GTM 80 1

emission which is potentially detectable at least in the local Universe. More-
over, several studies found a remarkable agreement among the properties
of the gamma-ray emission of GW 170817 and the shock-breakout model
(Kasliwal et al., 2017; Gottlieb et al., 2018c; Nakar et al., 2018; Bromberg et
al., 2018; Pozanenko et al., 2018). The γ-ray emission detected is not emit-
ted by the wings of a structured jet, but rather by the shock breakout of
the cocoon produced by the interaction of the jet with the NS merger ejecta
(Gottlieb et al., 2018c; Bromberg et al., 2018).
In order to investigate this scenario, as a reference, we take the spectrum
(cut-off power law with photon index α = 0.62 ± 0.40 and cut-off energy
Ec = 185 ± 62 keV) and the Fermi-GBM peak flux ((3.1 ± 0.7) × 10−7 erg
cm−2 s−1) of the γ-ray flash associated to GW 170817 (Goldstein et al.,
2017b) and we compute the maximum distance DL,max at which this emis-
sion can be detected by the γ-ray instruments considered in the present
work. In a first order approximation, the SBO emission can be consid-
ered isotropic, therefore we do not include any angle dependency in our
treatment. In order to evaluate the number of γ-ray detections associ-
ated to SBO, we compute the number of BNS at a luminosity distance
DL < DL,max. In our derivation, we assume that each BNS produces a SBO.
Since the detection efficiency of any 3G GW detector is ∼ 100% for dis-
tances DL < DL,max, the number of γ-ray detections per year that we report
corresponds also to the number of joint GW+γ-ray detections associated to
SBO from BNS mergers. The results are reported in Tab. 6.5.
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ET ET+CE ET+2CE

Ndet 12970 23600 25668

Ndet(∆Ω < 1 deg2) 0 20 636

Ndet(∆Ω < 10 deg2) 2 845 13673

Ndet(∆Ω < 100 deg2) 69 17049 23935

Ndet(∆Ω < 1000 deg2) 526 21564 25367

TABLE 6.6: Number of GW detections per year with sky localisation better than
1, 10, 100, and 1000 deg2. The reported numbers are relative to BNS mergers with
θv < 15◦. The numbers of GW detections per year are obtained assuming a duty
cycle of 0.85 as described in the text.

6.2.4 Joint detection of GWs and X-ray emission

In this section, we evaluate the detectability of the afterglow emission with
future X-ray telescopes. Specifically, we show the expected rate of BNS
mergers which will have both a detectable GW signal and an X-ray emis-
sion associated to the afterglow phase of the SGRB. For the X-ray emission,
we consider two components: 1) the standard forward shock (FS) emis-
sion, 2) the HLE associated to the last photons emitted during the prompt
phase. Under the assumption of a structured jet, the HLE produces an X-
ray flux which can be comparable or even dominant with respect to the FS
emission (Oganesyan et al., 2020a; Panaitescu, 2020). We evaluate the joint
X-ray and GW detections considering satellites in survey mode as well as
satellites pointing to the GW source. For the pointing strategy, we use the
localisation capabilities of ET alone and in the network of 3G observato-
ries. Since the number of sources suitable for pointing observations result
to be high (especially for network of 3G detectors), we also evaluate other
source parameters estimated from the GW signals, such as viewing angle
and distance, which can be used to down-select sources to be observed.

Wide-FOV X-ray telescopes: survey and pointing observations

For the detection of the afterglow emission from our SGRBs population, we
consider the following X-ray instruments: the Einstein Probe (EP, Yuan et
al. 2018) which is scheduled for launch by the end of 2022, the ECLAIRs
instrument on board of SVOM (Cordier et al., 2015) which is scheduled for
launch in 2023, and three mission concepts, THESEUS (Amati et al. 2018;



184 Chapter 6. Joint detection of GWs and high-energy signals from BNS
mergers

BOX 6.3: GW SKY LOCALISATION
Here we summarise the results about the GW sky localisation, relative to our BNS
population. Fig. 6.8 shows the sky localisation of ET, ET+CE and ET+2CE. The figures
show the error on sky position, expressed in deg2, as a function of redshift for one year
of BNS injections. The injections are extracted from the BNS population described in
Sect. 6.2.1, thus following the same redshift evolution of the merger rate. We show
the sky localisation both for sources with 0 < θv < 15◦ and for sources with all the
orientations. We chose θv maximum equal to 15◦ as it is consistent with the largest
viewing angle up to which the X-ray emission from a Stru1 jet is observable by the
analysed WFX-ray satellites (see Fig. 6.12). For the combination ET+CE (ET+2CE), a
considerable fraction of sources detected at z < 1 (z < 3) has a sky localisation smaller
than 10 deg2, which is small enough to enable prompt and efficient multiwavelength
search for EM counterparts.

In Tab. 6.6 and 6.7 we summarize the sky localisation capabilities of ET, ET+CE and
ET+2CE for systems observed with θv < 15◦ and for systems observed at all angles,
respectively. The tables list the number of detections per year with sky localisation
uncertainty ∆Ω < 1, 10, 100, 1000 deg2. Fig. 6.10 shows the redshift distribution of
∆Ω as scatter plot with a color code indicating the S/N for ET, ET+CE and ET+2CE,
considering cases with θv < 15◦ and cases with no selection on θv.

Fig. 6.7 shows the cumulative distribution of the S/N for BNS detected with ET, ET+CE
and ET+2CE with a sky uncertainty ∆Ω < 100 deg2, for θv < 15◦ (panel a) and without
selection on θv (panel b). The S/N distribution shows that, even adopting a larger S/N
threshold, for instance S/N> 12, the number of sources with 8 < S/N < 12 is negligible
and therefore not relevant for the evaluation of the joint GW+X-ray detection rate at
least for well localised sources.

Amati et al. 2021), the Wide Field Imager on board of TAP (Camp et al.
2019), and the Gamow Explorer (White et al., 2021). The launch date of this
last is expected to be in 2028-2032.
If the instrument operates in survey mode, the probability of detecting the
source (if the flux is above the sensitivity limit) is given by ∼FOV/4π. In-
stead, if the instrument operates only in pointing mode, the light curve is
monitored only after a time tresp from the trigger time, which is the sum
of the time to respond to a trigger from ground and the time to repoint
the instrument. In order to evaluate how each instrument will sample the
afterglow temporal evolution, we use the sensitivity curve (the sensitivity
curve of EP is taken here9, while for all the other X-ray missions, we use
the sensitivity curves reported in the references cited at the beginning of
this section), which relates the minimum detectable flux as a function of

9https://sci.esa.int/documents/34375/36249/1567258027270-ESA-CAS-workshop1_
20140225_7__Einstein_Probe-exploring_the_dynamic_X-ray_Universe__Yuan.pdf

https://sci.esa.int/documents/34375/36249/1567258027270-ESA-CAS-workshop1_20140225_7__Einstein_Probe-exploring_the_dynamic_X-ray_Universe__Yuan.pdf
https://sci.esa.int/documents/34375/36249/1567258027270-ESA-CAS-workshop1_20140225_7__Einstein_Probe-exploring_the_dynamic_X-ray_Universe__Yuan.pdf
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TABLE 6.7: Same as Tab. 6.6, but without any selection on θv.

ET ET+CE ET+2CE

Ndet 143970 458801 592565

Ndet(∆Ω < 1 deg2) 2 184 5009

Ndet(∆Ω < 10 deg2) 10 6797 154167

Ndet(∆Ω < 100 deg2) 370 192468 493819

Ndet(∆Ω < 1000 deg2) 2791 428484 585317
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FIGURE 6.7: Cumulative distribution of the S/N for BNS mergers localized better
than 100 deg2 for the three GW networks considered in this work. Panel (a) shows
cases with θv < 15◦, while in panel (b) all angles are considered.

the exposure time. The temporal sampling is computed using an iterative
approach. Starting from the beginning of the light curve, we determine the
length ∆T of each bin at time ti such that

1
∆T

∫ ti+∆T

ti

F(t)dt > Flim(∆T), (6.11)

where Flim(∆T) is derived from the sensitivity curve. The afterglow light
curve is classified as undetectable if, even increasing ∆T, the eq. 6.11 is
never satisfied. For Gamow, THESEUS and EP we consider sensitivity
curves including a median Galactic absorption NH = 5 × 1020cm−2. For
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BOX 6.4: VIEWING ANGLE AND LUMINOSITY DISTANCE FROM GWS
Here, we explore how the GW observations can give constraints about the viewing
angle with respect to the axis perpendicular to the BNS orbital plane (assumed to be
parallel to the jet axis) and the luminosity distance of the system. Fig. 6.9 shows how
the detected sources are distributed in the plane ∆θv − θv, considering ET, ET+CE and
ET+2CE. ∆θv is the 1σ error on the viewing angle. Only sources at z < 1 and with
∆θv < 40 deg are shown. For all the networks, a considerable fraction of sources have
∆θv/θv < 0.1. Moreover, since the gradient of the GW amplitude is maximum at
θv = 90 deg, the θv parameter is better constrained when the source is seen edge-on.
This result is particularly important to prioritise the BNS events to be followed-up.
Indeed, in the era of 3G GW detectors we expect hundreds of BNS detections per day.
Due to the limited observational time at each observatory, with a pointing strategy only
a limited fraction of GW-detected signals can be followed up. For example, aiming at
detecting the high-energy emission, one can exclude all the sources edge-on for which
the viewing angle estimate is more precise from the GW parameter estimation.

Fig. 6.11 shows the distribution in redshift of ∆DL/DL, where ∆DL is 1σ error on
the luminosity distance DL. We consider ET, ET+CE and ET+2CE. Only sources with
∆DL/DL < 1 are shown. For ET operating alone the relative error can be below 10%
only for sources with z ≲ 0.2, while for ET+CE and ET+2CE the same is true for z ≲ 1.5
and z ≲ 3, respectively. The plots also show that the constraint on distance is tighter for
sources seen edge on. This is due to the strong degeneracy between luminosity distance
and viewing angle and therefore the error on the first is significantly reduced when the
second is well constrained.

TAP the published sensitivity curve does not include this information.

For all the results reported in this section, we simulate 25 realizations
of one year of BNS mergers, each with parameters extracted randomly
from the MCMC posterior distributions. For each realization we consider
a number of injections Ninj = min(Nreq, 104), where Nreq is the number of
BNS in one year that satisfy the selection criteria (e.g., about S/N, θv and
∆Ω). The choice Ninj = min(Nreq, 104) is made in order to have enough
statistics and such that the full parameter space is correctly covered.
Then the number of detections correspondent to one year is obtained
re-scaling by the factor Nreq/Ninj. The parameters of the prompt model
influence the afterglow light curve because both the FS and HLE brightness
depend on the Eiso which is predicted by our model. First we evaluate
the expected rate of joint GW+X-ray detections, considering the telescopes
operating in survey mode. The results are reported in Tab. 6.10. Due to
the good sensitivity down to 2 keV and the large FOV, THESEUS-XGIS can
contribute substantially to the total amount of X-ray detections. Thanks to
the larger FOV (1.1 sr) and the better sensitivity, EP gives a larger number
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FIGURE 6.8: Redshift distribution of the sky-localisation uncertainty (given as
90% credible region) for three detector configurations: ET, ET+CE and ET+2CE.
The absolute numbers are relative to one year of observation and assuming a duty
cycle of 0.85 as described in the text. Plots on the right show BNS systems with a
viewing angle 0 < θv < 15◦.

of detections compared to THESEUS-SXI and TAP.

The probability of detection can be increased considering the possibil-
ity to point GW sources localised with enough precision through the GW
signal. In such case, wide field X-ray (WFX-ray) telescopes can point to the
sky error box and start the search of the X-ray counterpart. We explore this



188 Chapter 6. Joint detection of GWs and high-energy signals from BNS
mergers

(a) (b)

(c)

FIGURE 6.9: Distribution of ∆θv vs θv relative to one year of observation, in the
case of ET (a), ET+CE (b) and ET+2CE (c). The color bar indicates the redshift. We
report only BNS mergers detected at z < 1 and with a ∆θv < 40◦. A duty cycle of
0.85 has been assumed for the GW detectors as described in the text.

scenario simulating one year of BNS mergers and selecting only those that
are detected with an error on sky position better than 100 deg2. The typical
FOV of WFX-ray telescopes is larger than 1 sr, so an error region of 100 deg2

can be well contained inside the FOV of the instrument. A sky region of 100
deg2 is around 1/10 of a typical FOV of a WFX-ray telescope. If, instead,
we select sources localised better than 1000 deg2 and considering that the
bulk of sources detectable in the X-rays are at z ≲ 1, we expect, with respect
to the cases with ∆Ω < 100 deg2: 1) a factor ∼ 10 more joint GW+X-ray de-
tections with ET; 2) no substantial variation for ET+CE, since sources with



6.2. Future prospects: joint detection of GWs-short GRBs in the Einstein
Telescope era 189

(a) (b)

(c)

FIGURE 6.10: Sky localization (90% credible region in deg2) as a function of the
redshift for one year of BNS injections with viewing angle in the range 0◦ < θv <
15◦ and considering ET (a), ET+CE (b) and ET+2CE (c). The color bar indicates
the S/N of each detection. A duty cycle of 0.85 has been assumed for the GW
detectors as described in the text.

100 deg2 < ∆Ω < 1000 deg2 are located at z ≳ 1; 3) no substantial variation
for ET+2CE, since N(∆Ω < 100 deg2) ∼ N(∆Ω < 1000 deg2) for z ≲ 1.

For the selected sub-sample of well localised sources, we predict the
X-ray emission and we check if it is detectable with the telescopes listed
before. The numbers of THESEUS-SXI and Gamow are identical since we
consider for them the same sensitivity, and the slightly different FOV does
not influence pointing observations. In Tab. 6.11 we show the number of
expected joint GW+X-ray detections for one year of observation with ET,
ET+CE and ET+2CE. We consider the configuration FS-SGRB for the FS
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(a) (b)

(c)

FIGURE 6.11: Distribution of the relative error on the luminosity distance DL as
a function of redshift relative to one year of observation, in the case of ET (a),
ET+CE (b) and ET+2CE (c). The color bar indicates the viewing angle. Only cases
with ∆DL/DL < 1 and at z < 3 are shown. A duty cycle of 0.85 has been assumed
for the GW detectors as described in the text.

parameters and we assume that the X-ray telescopes are able to point to-
ward the sky position provided by GW detectors within 100 s from the BNS
merger. A response time of 100 s is a short amount of time to communicate
the trigger from the ground to the satellites, but the possibility of accessing
lower frequencies by the next generation GW detectors will make it pos-
sible pre-merger alerts. We evaluated that, in the case of ET, a fraction of
∼30% and ∼60% of sources localised better than 100 deg2 at the merger are
above the detection threshold (S/N=8) and with a sky-localisation better
than 1000 deg2, which is well within the FOV of the satellites analysed here,
20 and 10 minutes before the merger, respectively (see tab. 6.8). For ET+CE
(ET+2CE) this fraction is ∼5% (6%) 10 minutes before the merger, leaving
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N∆Ω<1000 deg2,tpre
/N∆Ω<100 deg2,tmerger

S/N> 8 S/N> 7

tpre 10 min 20 min 10 min 20 min

ET 63% 29% 68% 37%

ET+CE 5% 0.5% 5% 0.7%

ET+2CE 6% 0.5% 6% 0.6%

TABLE 6.8: Pre-merger sky localization. We show the fraction
N∆Ω<1000 deg2,tpre

/N∆Ω<100 deg2,tmerger
of BNS localized better than 100 deg2 at

the merger that are localized better than 1000 deg2 at a pre-merger time tpre, for
ET, ET+CE and ET+2CE. We show both cases that are detected with S/N> 8 and
S/N> 7 at the pre-merger time. We consider only BNS observed at a viewing
angle θv < 15◦.

FOV (sr) loc. accuracy (arcmin)

Einstein Probe 1.1 5

Gamow 0.4 1-2

THESEUS-SXI 0.5 1-2

TAP-WFI 0.4 1

TABLE 6.9: Field of view and localisation accuracy of the WFX-ray telescopes
considered in this work.

the absolute number of triggers to be followed up of order of several hun-
dreds. The typical exposure time for detection in X-rays is texp = 66+249

−42 s
for SXI and Gamow, texp = 96+219

−29 s for TAP, texp = 239+171
−173 s for EP, where

the uncertainties are reported at 1σ level of confidence and they are com-
puted considering a random sampling of the MCMC posterior distribution.

Considering ET alone and FS configuration (FS-SGRB), Tab. 6.10 and
6.11 show that the survey mode is more promising than the pointing mode
in terms of number of GW+X-ray detections per year. For ET+CE and
ET+2CE, due to the larger number of well localised sources, the number of
joint detections is considerably larger than the survey mode case. Hence,
the exploitation of sky localisation provided by GW detectors can enhance
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ET ET+2CE

SVOM-ECLAIRs 4 ± 2 5 ± 2

Einstein Probe 50+15
−16 64+12

−20

Gamow 9+2
−2 10+3

−3

THESEUS-SXI 11+3
−3 13+4

−3

THESEUS-(SXI+XGIS) 23+6
−5 27+7

−5

TAP-WFI 16+3
−4 17+6

−3

TABLE 6.10: Expected number of joint GW+X-ray detections in survey mode. The
numbers are relative to one year of observations, for different X-ray instruments
operating in survey mode. The assumed structure is Stru1 and the FS configura-
tion is FS-SGRB.
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FIGURE 6.12: Redshift distribution of the joint GW+X-ray detections. Panel (a)
shows the distribution of the viewing angle as a function of redshift for a sample
of 1000 joint GW+X-ray detections, considering ET+2CE and SXI and under the
assumption Stru1. Only BNS detections with GW sky localisation ∆Ω < 100
deg2 are selected. The assumed jet core angle is θc = 3.4 deg. The color bar
indicates the GW sky localisation uncertainty of each detection. Panel (b) shows
the distribution in redshift of the same sample, where we distinguish between
detections with θv < 5◦ and θv > 5◦. The histogram is normalised to the number
of total joint detections with ∆Ω < 100 deg2.

substantially the probability of identifying the EM counterpart of BNS
mergers. We point out that the reported numbers for pointing mode do
not take into account the duty factor of the instruments, which is assumed
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ET ET+CE ET+2CE

Einstein Probe 9+5
−3 294+80

−59 359+168
−110

THESEUS-SXI/
7+5
−3 95+43

−14 122+41
−23Gamow

TAP-WFI 8+5
−3 182+43

−31 225+76
−72

TABLE 6.11: Expected number of joint GW+X-ray detections in pointing mode.
The numbers are relative to one year of observations, for different X-ray in-
struments operating in pointing mode. We consider BNS mergers with sky-
localisation uncertainty ∆Ω < 100 deg2 and with a detectable X-ray emission,
assuming a tresp = 100 s. The assumed structure is Stru1 and the FS configuration
is FS-SGRB.

100 s 1 hr 4 hr

Einstein Probe 359+168
−110 48+24

−15 17+15
−10

THESEUS-SXI/
122+41

−23 12 ± 7 < 9
Gamow

TAP-WFI 225+76
−72 50+20

−10 17+10
−5

TABLE 6.12: As in Tab. 6.11, but considering different delay times between the
merger and the beginning of X-ray observation. In this table, we consider ET+2CE
as GW network.
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FIGURE 6.13: Same as in Fig. 6.12, but for Stru2.
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HLE FS-SGRB HLE

+FS-SGRB +FS-GW17

Einstein Probe 359+168
−110 344+106

−95 67+14
−17

THESEUS-SXI/
122+41

−23 98+34
−31 22+7

−6Gamow

TAP-WFI 225+76
−72 174+94

−27 33+12
−8

TABLE 6.13: As in Tab. 6.11, but considering different assumptions for the com-
putation of the X-ray light curve. In this table we consider ET+2CE as GW net-
work and tresp = 100 s.

Stru1 Stru2

Einstein Probe 359+168
−110 383+131

−112

THESEUS-SXI/
122+41

−23 128+73
−61Gamow

TAP-WFI 225+76
−72 219+128

−73

TABLE 6.14: Comparison between Stru1 and Stru2 for the prediction of joint
GW+X-ray detections in pointing mode, considering ET+2CE. Both HLE and FS
are included. The FS configuration is FS-SGRB and we assume tresp = 100 s.

to be 100%. Moreover, each X-ray mission, depending on the scientific
objectives, can dedicate only a limited amount of time for the follow-up
of GW triggers. Therefore, if we call ϵGW the fraction of observational
time dedicated to GW follow-up and ϵDC the duty cycle, a more realistic
estimate of the number of joint detections would be NJD,real = ϵGWϵDCNJD,
where NJD are the numbers reported in this section about the pointing
mode. Regarding the survey mode, instead we just have NJD,real = ϵDCNJD.
Another pivotal point of the future pointing strategy, which can strongly
influence the real joint detection efficiency, is the trigger selection. As
shown in Table 6.6, the number of sources localised better than 100 deg2

are of order of 100 for ET and of 105 for ET+CE and ET+2CE. In order to
not lose observational time, the triggers to be observed will require to be
prioritised. A strategy based on the knowledge of the satellite detection
efficiency, the distance and viewing angle from the GW signals (see Boxes
6.4 and 6.3) will be mandatory to select the triggers with a higher chance of
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joint detection. Therefore the reported numbers for pointing mode should
be considered as potential detections, which can be achieved only provided
that an efficient selection of the GW triggers is performed to restrict the
follow-up to cases with highest probability of detection.

In Tab. 6.12 we consider longer response time (relaxing the assumption
of tresp = 100 s) and we show how the detection rate significantly decreases
if the telescope needs more time to respond to the trigger and point the
GW localisation. The significant decrease of the chance to detect the
afterglow emission pointing with one hour delay is due to a combination
of the rapid decline of the GRB X-ray flux and the sensitivity of wide field
X-ray instruments. Among the population of detected BNS, nearby events
similar to GW170817 are a tiny fraction, while the large majority of joint
detections comes from on-axis (or slightly off-axis) short GRBs distributed
at cosmological distances, with an afterglow light curve which peaks at
early times and followed by rapid drop of the flux. For these cases a
rapid response is fundamental to catch the first decaying part of the X-ray
emission. In Tab. 6.13, we show how the prediction of joint GW+X-ray de-
tections depends on the assumption of FS parameters and on the inclusion
of HLE. In this case, we assume ET+2CE as GW network and tresp = 100 s.
In the specific, we test three possible setups, where we compute the X-ray
light curve: 1) including HLE + FS emission, with FS-SGRB configuration;
2) including HLE + FS emission, with FS-GW17 configuration; 3) including
only FS emission, with FS-SGRB configuration. Our results show that
the assumption of FS parameters like GW 170817 leads to less bright FS
emission, mainly due to lower value of ϵB. Moreover, the tables show that
the inclusion of HLE is non negligible in the estimation of detectability of
the X-ray afterglow. The reasons are mainly twofold: 1) the HLE produces
an initial steep decay phase which is well visible in X-rays and exceeds the
FS contribution at least in the first tens of seconds, 2) the HLE associated to
a structured jet typically produces a plateau phase for sources observed at
θv ≲ θc and this contribution can be as relevant as the FS emission itself.

Finally, we test how the expected joint detection rate of GW+X-rays from
BNS mergers depends on the assumption of the jet structure. The specific
structure Stru1 assumed so far, namely the one derived from GW 170817,
has a very steep off-core profile, meaning that the probability of detecting
prompt and/or afterglow emission from SGBRs viewed at θv > θc is lower
than the one of detecting a shallower off-core jet profile, such as Stru2.
Tab. 6.14 shows the difference in joint GW+X-ray detections in pointing
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mode assuming Stru1 and Stru2. The overall rate of joint GW+X-ray de-
tections for Stru2 is, within the uncertainties, comparable with the one of
Stru1. This is due to the fact that, though the X-ray emission is detectable
at larger viewing angles for Stru2, the best fit value for the fraction of BNS
producing a jet, f j, derived from the Monte Carlo is smaller for Stru2 than
the one of Stru1. Fig. 6.12 and 6.13 show the distribution of viewing an-
gle of GW+X-rays joint detections as a function of redshift, adopting the jet
structure Stru1 and Stru2, respectively. For each detection, we use a color
code for the sky-localisation uncertainty. The plot is realized simulating
1000 GW+X-rays detections (ET+2CE + SXI) which satisfy the requirement
∆Ω < 100 deg2, assuming tresp = 100 s and FS-SGRB configuration. Below
z ∼ 0.5 − 1, for both the structures, the X-ray emission is detectable up to
viewing angles much larger than θc = 3.4 deg.
In the bottom panel of Fig. 6.12, we show how the GW+X-rays joint detec-
tions are distributed in redshift and we distinguish between cases detected
at θv < 5◦ and θv > 5◦. We adopt θv = 5◦ as a threshold because, accord-
ing to Fig. 6.5, this is the maximum angle up to which prompt emission is
detectable by Fermi-GBM (similarly for XGIS onboard of THESEUS), con-
sidering an average on redshift. This implies that all the sources detected
in X-rays at θv > 5◦ have a non detectable prompt emission in γ-ray. In the
case of Stru1, sources with θv > 5◦ represent ∼ 40% of all the GW+X-rays
joint detections. Similarly, for Stru2 the threshold angle for detectability of
prompt emission is θ ∼ 10◦ and ∼ 50% of all the GW+X-rays joint detec-
tions is above this limit.
Independently on the assumption on the jet structure, this result means
that there is a significant number of off-axis events concentrated below
z ∼ 0.5 − 1 which are only detectable with WFX-ray instruments. In terms
of absolute numbers of off-axis GW+X-rays joint detections, a combination
of ET+2CE + SXI would observe few a tens of such events per year. For TAP
and Einstein Probe a similar fraction (∼ 40 − 50%) of events are expected
to be observed off-axis. This result demonstrates the fundamental role of
WFX-ray telescopes in synergy with GW detectors for the detection of off-
axis emission from BNS mergers that would be otherwise undetactable for
γ-ray instruments. We finally evaluated how the choice of a larger value
of the angular extension of the jet wings, θw (used in Afterglowpy), could
increase the number of detections. Increasing θw also the maximum view-
ing angle at which the source is detectable increases. We estimated that
increasing θw from 15 deg (30 deg) to 45 deg, the number of joint detections
increases of a factor < 5% (∼ 10%) for Stru1 (Stru2).
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Medium and small-FOV sensitive X-ray observatories

When the GW sources are localised at the level of arcminutes the X-ray
afterglow can be directly detected by pointing small-FOV instruments.
However, there are no BNSs localised at arcminute precision through the
GW signal when ET is operating as a single detector, and the number is
also negligible when ET is in a network of 3G detectors. When the GW
localisation is of order of 1-10 deg2, medium-FOV X-ray instruments can
scan the entire localisation region by performing mosaic observations.
Considering the GW sources localised better than 10 deg2 from Table 6.7,
the sources that can be followed-up by medium-FOV instruments are
around 10 when ET is operating as a single detector, but several thousands
(hundred of thousands) when the ET+CE (ET+2CE) network is observing.
However, in the case of ET+CE, the distances of these sources are limited
to z < 1.2. For larger z the way to detect the X-ray counterpart remains
through the use of wide-FOV γ-ray and/or X-ray satellites. In this case, the
more sensitive small-FOV satellites can operate at a later time by pointing
the precise localisation provided by the wide-FOV satellites, following-up
and characterising the detected counterparts.

During the activity period of 3G GW detectors, the mission Athena is
expected to be operative (Nandra et al., 2013). The exceptional sensitivity
of Athena X-ray telescope and its focal plane instruments will allow us
to detect the faint afterglow emission from SGRBs and GW counterparts
hours to years (for closer events) after the merger and to make high reso-
lution spectra (Piro et al., 2021). Athena will host the Wide Field Imager
(WFI) with a FOV of 0.4 deg2 and the X-IFU high resolution spectrometer
with a FOV of 5 arcmin equivalent diameter. The WFI is able to directly
point GW signals with sky localisation uncertainties smaller than its FOV
(a few tens per year for ET+CE and thousands for ET+2CE considering
all the orientations of the binary systems), and in addition is capable to
carry out a mosaic of sky regions extended up to 10 deg2. On the other
hand, X-IFU requires a precise localisation (≃2 arcmin) to directly point
the source. Even considering a GW network with ET+2CE, there are no
sources with such a small uncertainty on the GW sky location. Therefore,
instead of being directly triggered by the GW detection, X-IFU can be
used either for following up precise localisations delivered by WFX-ray
telescopes or by the Athena WFI itself. Taking into account that Athena
will likely have a Time of Opportunity (TOO) response time of 4 hours,
we find that the totality of the sources jointly detected by ET+2CE and the
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WFX-ray telescopes can be detected and followed-up by Athena X-IFU.

In order to evaluate the Athena-WFI capabilities to detect GW coun-
terparts, we consider the sources localised by the GW detectors within
a region of 10 deg2. We assume an average number of exposures to
fully cover the GW sky region equal to Nexp ∼ ∆ΩGW/FOVWFI, where
FOVWFI = 0.4 deg2, and an exposure time Texp = 104 s for each mosaic
observation. For simplicity, we work in the approximation that the source
is randomly located within the 90% GW error region and that each position
is equi-probable. This implies that, if the GW region is tiled in Nexp subre-
gions, the probability that the source is located inside the kth subregion is
P(k) = 1/Nexp and is the same for all the subregions. We consider a TOO
response time TTOO of 4 hr and we include a dead time interval Td of 30
minutes corresponding to the time necessary to slew from one subregion
of the mosaic to the adjacent one10. Hence, the time necessary to point and
detect the source is T(k) = TTOO + k × (Texp + Td). Operatively, for each
source we extract a random number k in the range [0, Nexp] and we check
if at time T(k) after the GW trigger the X-ray afterglow emission is above
the sensitivity of Athena-WFI corresponding to 104 s of exposure.

Given the several science goals of Athena, only a fraction of its observa-
tional time can be realistically dedicated to the follow-up of GWs; specif-
ically we assume one month over one year of observations. While for ET
alone the number of sources with ∆Ω < 10 deg2 is around 10, and all of
them can in principle be followed up by Athena in this total amount of
time, the number of the sources detected by ET+CE with ∆Ω < 10 deg2 is
of several thousands. In order to maximise the effectiveness of the search
and not lose time on sources without any chance of detection, a further se-
lection of the sources to be followed-up results to be necessary. We select
the sources by excluding all those with θv > 50◦ (for which the error on
θv is relatively small, see Fig. 6.9, and thus can be reliably considered off-
axis) and z > 0.5. We select randomly among these sources (∼ 130) up
to reach a total amount of time of one month of observation, and find that
Athena-WFI is able to detect NGW+Athena = ϵFOR × (6+2

−3) events per year,
where ϵFOR is a factor that takes into account the TOO efficiency and it cor-
responds to a field of regard of ∼ 50% (i.e., only a fraction ϵFOR of the events
can be successfully followed-up by Athena). Including another CE in the

10https://www.cosmos.esa.int/documents/400752/400864/Athena+Mission+
Proposal/18b4a058-5d43-4065-b135-7fe651307c46

https://www.cosmos.esa.int/documents/400752/400864/Athena+Mission+Proposal/18b4a058-5d43-4065-b135-7fe651307c46
https://www.cosmos.esa.int/documents/400752/400864/Athena+Mission+Proposal/18b4a058-5d43-4065-b135-7fe651307c46
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GW network does not increase significantly the number of Athena detec-
tions (NGW+Athena = ϵFOR × 8+3

−2 detections per year), because even increas-
ing the number of sources well localised, the maximum number of Athena
detections is anyway limited by the time dedicated to TOO. If we exclude
more sources by lowering the threshold on the viewing angle to θv < 30◦ in-
stead of θv < 50◦, the number of joint detection increases to ϵFOR × 14+4

−3/yr
(ϵFOR × 27+3

−3/yr) for ET+CE (ET+2CE). The knowledge about the luminos-
ity distance and the viewing angle coming from GW analysis can consider-
ably help for the selection of a golden sample of events that have a larger
probability to be detected, giving the possibility to maximise the GW+X-ray
joint detection efficiency.

6.2.5 Discussion

Our study evaluates the perspectives for multimessenger astronomy
in the ET era focusing on the search of high-energy signals, which is a
unique way to detect EM counterparts of GW signals at high redshift.
The methodology and results described here have been published in
Ronchini et al., 2022a. We estimate the expected rate of joint detections
of GWs and γ-ray and/or X-ray signals from BNS mergers considering
prompt and afterglow emissions, different GW detector configurations
(ET, ET+CE, ET+2CE), and different observational strategies (survey
and pointing mode) for several satellites. Our theoretical framework
starts from an astrophysically-motivated population of BNS mergers and
predicts the high-energy signals associated with these mergers making the
BNS population able to reproduce all the statistical properties of currently
observed SGRBs. This approach makes it possible to reproduce not only
the observational features of SGRBs, such as luminosity, duration and
spectral properties, but also the average detection rate with current γ-ray
instruments, such as Fermi-GBM. This enables us to normalise the number
of joint detections, evaluate the fraction of BNS producing a jet, and be
less dependent of the BNS merger absolute number, which is still largely
uncertain.

Summary of our results

• Regarding the joint detection of GWs and γ-ray emission, we find
that already considering ET alone, more than 60% of all the SGRBs
having a detectable prompt emission will also have a detectable GW
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counterpart. This percentage approaches 100% if we include CE as
an additional interferometer in the network. From a few tens to hun-
dred joint detections are expected per year, mainly depending on the
FOV of the high energy-satellites. However, although increasing the
number of joint detections is important for statistical studies, char-
acterising the sources and identifying the host galaxies is of primary
importance. As shown by Swift in many years of observations, this
is possible and effective when the source is localised at arcmin level
enabling to drive the follow-up of ground-based telescopes. Mission
concepts such as THESEUS-XGIS, will be essential to detect and lo-
calise high-energy counterpart of BNS mergers with enough precision
(arcmin uncertainty). This is particularly important when the sources
are located at large redshift, namely z > 1 where also in the optimistic
scenario of a network of 3G GW detectors, the GW sky localisation
will be larger than 1 deg2 from the GW signals. Instruments such
as HERMES (full constellation of cube-satellites) can also be a good
compromise of number of detections and sky localisation uncertain-
ties which are however order of a few deg2.

• Considering the possible shock breakout of the cocoon produced by
the interaction of the jet with the NS merger ejecta, we show that sen-
sitive (more than the current ones) and wide FOV γ-ray instruments
are required.

• Regarding the joint detection of GWs and X-ray emission, we demon-
strate the important role of WFX-ray missions, such as SVOM, Ein-
stein Probe, Gamow, THESEUS, and TAP. We predict tens of detections
per year when these instruments operate in survey mode. The joint
detection rate in survey mode is limited by the chance of having the
source inside the FOV at the moment of the merger. We propose an
additional observational strategy, the pointing strategy, which could
in principle enhance the probability of joint detection exploiting the
information about sky localisation provided by GW instruments (see
below).

• ET operating as a single observatory can detect several hundreds of
BNS mergers per year with ∆Ω < 100 deg2, among them about ∼ 70
BNS/yr have a viewing angle θv < 15◦, namely sources with poten-
tially detectable high-energy emission. The inclusion of CE in the net-
work significantly improves the localisation capabilities by reaching
several thousands (hundreds with θv < 15◦) of BNS detections per
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year with ∆Ω < 10 deg2. The network of CE+ET is able to localise
a few hundreds (a few tens with θv < 15◦) with ∆Ω < 1 deg2 up to
redshift 0.3. This number increases to thousands (hundreds on-axis)
per year up to redshift 1 with the network of ET+2CE.

• Considering WFX-ray telescopes slewing to the sky position provided
by GW detectors for sources with a good sky localisation (better than
100 deg2), we evaluate that the X-ray afterglow emission from ten to
hundreds SGRBs could be detected during one year of observation
assuming a response time tresp =100 s.

• A rapid communication of the GW sky location and a rapid re-
pointing of the high-energy satellites is crucial to maximise the effi-
ciency of the pointing strategy. Indeed, due to the typical rapid de-
cline of the X-ray flux of SGRBs, we showed that a longer delay time
between the merger and the beginning of X-ray monitoring would
decrease the probability of detection by a factor ∼ 10 or more go-
ing from tresp =100 s to tresp = 1 hr. The low-frequency sensitivity
of ET will make it possible to provide a good sky localisation even
several minutes before the merger (Banerjee et al., 2022; Chan et al.,
2018; Li et al., 2022; Nitz and Dal Canton, 2021). This will allow us to
send information about the sky location of the source well before the
merger and X-ray telescopes can realistically start earlier the slewing
procedure. We evaluate that a not negligible fraction of GW events,
localised within 100 deg2 at merger, are detectable tens of minutes be-
fore the BNS merger with a sky localisation well within the FOV of
the WFX-ray satellites.

• While the number of detections for WFX-ray satellites in survey mode
is reliable, the number of detections in pointing is optimistic and relies
on a perfect prioritization of the trigger to be followed (see below).

• We show that using WFX-ray instruments makes it possible to detect
a significant fraction of BNS mergers which are too off-axis to have
a detectable γ-ray emission and that would be otherwise missed in
absence of these instruments. The presence of WFX-ray monitors is
also fundamental to provide the spectral coverage at smaller energies
than γ-rays and to precisely localise the source. The WFX-ray tele-
scopes can provide sky location accuracy of ∼ arcmin, which enables
to trigger follow-up observations by ground-based optical telescopes,
radio arrays and exceptionally sensitive X-ray instruments, such as
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the X-IFU instrument onboard of Athena. We evaluate that the totality
of the sources jointly detected by the GW detectors and the WFX-ray
telescopes can be detected and followed-up by the Athena X-IFU.

• The networks of ET+CE and ET+2CE are expected to localise a large
number of BNS signals with ∆Ω < 10 deg2. An instrument such as the
WFI (FOV of 0.4 deg2) on-board of Athena is able to carry out a mosaic
of these sky regions by detecting from a few to a few dozen signals by
using 1 month of Athena observations. The joint detection number
comes from an observational strategy which maximises the chance of
detections by removing the BNS signals with smaller probability to
have observable jet. In particular, this is done by removing BNS with
larger viewing angles and distances.

• Due to the high number of BNS events expected to be released by the
next generation GW detectors, for the pointing observational strategy,
it will be crucial to select and prioritise the ones to be followed-up.
The selection based on sky-localisation will not be enough to avoid
to lose observational time of the high-energy satellites when the net-
work ET+CE and ET+2CE will operate. On the basis of the different
scientific science goals, specific selection based on the GW source pa-
rameters such as distance and viewing angles, but also pre-merger
sky localisation, will be mandatory to maximise the joint detection
efficiency. This shows the importance in the ET era to send in low-
latency (updating) information about GW parameter estimation.

6.2.6 Application of the methodology to other studies

In this section we describe how the method and simulation setup presented
in the previous sections have been applied in other works, related to the
assessment of the detection capabilities of mission concepts, as well as to
the evaluation of how the ET performances depend on the adopted design.

Proposals for future missions to answer to the 2021 ESA call

The model and simulations developed in my thesis have been used also
to evaluate the performances in the multi-messenger context of the mis-
sion concepts Astrogam (De Angelis et al., 2021), GRINTA and THESEUS11.

11At the moment of writing only THESEUS succeeded in the phase two selection process
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(a) (b)

(c)

FIGURE 6.14: Redshift distribution of joint GW/γ-ray detections for Astrogam
(a), GRINTA (b) and THESEUS (c), reported in the relative ESA proposals. The
histograms are normalised to 3 yr, 1 yr and 3.5 yr of observations, respectively.

GW detectors XGIS+SXI XGIS-prompt SXI-afterglow (SXI+XGIS)-afterglow

ET 70[56 − 87] 22[13 − 34] 28[21 − 36] 55[43 − 70]

ET+2 CE 87[72 − 107] 34[25 − 47] 34[26 − 44] 65[53 − 82]

TABLE 6.15: Expected rates of joint detections with THESEUS, during 3.5 years
of operation. The number in square brackets are the 1 σ confidence intervals.

These missions have been proposed for the 2021 ESA selection of medium-
size and fast missions. All the three missions represent a great opportu-
nity for the future of multi-messenger astrophysics. Their ability of con-
tinuously monitoring the sky at high-energy is crucial for the systematic
GW/EM association. The capabilities of these three missions for the joint
GW/GRB detection have been evaluated considering different GW detec-
tor networks, including both post-O5 scenarios and 3G detectors.
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FIGURE 6.15: Redshift distribution of the joint GW/X-ray detections with
GRINTA-HXI, distinguishing between on-axis and off-axis cases.

Scenario GW network NJD NJD/Nγ

2G+ LIGO-L + LIGO-H + LIGO-I + Virgo + Kagra 1+2
−1 < 2%

Post O5 3 Voyager + Virgo + Kagra 9 ± 4 12+6
−4%

ET Einstein Telescope 63+12
−17 65 ± 8%

ET+CE Einstein Telescope + Cosmic Explorer 86+21
−17 94+3

−4%

TABLE 6.16: Estimated rates of joint GW/γ-ray detections with GRINTA-TED.
The rated are relative to one year of observation. Several GW networks are
shown.

The advantage of Astrogam is the exquisite sensitivity around and above
MeV energies, for an accurate characterisation of the temporal and spectral
properties of the prompt emission. GRINTA, despite the reduced dimen-
sions, is an ideal compromise between costs and performances, perfectly
optimised for the detection of GRBs and for multi-messenger applications.
Indeed, the presence on board of both a γ-ray and wide-FOV X-ray in-
struments is an advantageous combination, following the same working
principle of Swift. Thanks to the approach presented in this section, we
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demonstrated that the fast repointing capabilities of GRINTA can be ex-
ploited both to catch the early X-ray emission following the initial γ-ray
trigger, or to point directly the GW sky region for the search of the EM coun-
terpart. THESEUS, as well, shares a similar configuration, with the differ-
ence that the instrument XGIS, dedicated to the detection of prompt emis-
sion, is more sensitive to lower energies (compared to the γ-ray modules of
Astrogam and GRINTA). Moreover, THESEUS mounts an optical/IR tele-
scope for the direct multi-wavelength inspection of the afterglow phase.
A reliable estimation of the detection performances of these missions is es-
sential to assess which combination of instruments is ideal for the multi-
messenger detection of GWs and GRBs. Figs. 6.14 and 6.15 summarise the
performances of the three missions in terms of total joint GW+(γ-ray/X-
ray) detections and how they are distributed in redshift. In Tab. 6.15 we
report the expected rates of joint detection with both XGIS and SXI onboard
of THESEUS. In Tab. 6.16 we show the expected rates of joint GW/γ-ray de-
tection with GRINTA-TED. We also test the capabilitied of GRINTA-HXI in
response to an external GW trigger. In this regard, selecting only the GW
events localised better than 50 deg2 and assuming a response time of the
instrument of 5 minutes (1 hour), we estimate a rate of joint detections of
17+9

−7 (4+2
−2).

Evaluation of the multi-messenger perspective for different ET designs.

At the moment of writing, the ET has reached substantial achievements
since has been included in the the European Strategy Forum on Research
Infrastructures (ESFRI) demonstrating its unique scientific relevance and
its priority in European infrastructures. Among the most urgent and de-
manding tasks, the scientific community has to determine which is the best
ET design, in relation to the corresponding cost of realisation. The aim of
this study consists in comparing the scientific output of ET assuming sev-
eral geometrical configurations of the detector arms, always considering
as common requirement a detector working underground and with a xy-
lophone configuration12. The configurations considered in this study are
reported in Box 6.5. All the configurations are evaluated considering both
high frequency (HF) and low frequency (LF) instruments, as well as HF
alone. This study has been performed in the context of the activities of the

12The xylophone configuration consists of a part of the instrument tuned towards low
frequencies (LF) and another towards high frequencies (HF). Only the low frequency one
works at cryogenic temperatures.
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BOX 6.5: ET CONFIGURATIONS CONSIDERED IN THIS STUDY

1. ∆ configuration (triangular shape), with:

(a) arm length of 10 km

(b) arm length of 15 km

2. Two interferometers with L geometry (perpendicular arms), misaligned by 45◦,
one located in Sardinia, the other in the Meuse-Rhine region in Germany, with:

(a) arm length of 15 km

(b) arm length of 20 km

Observational Science Board (OSB) of ET, which is in charge of develop-
ing the Science Cases and the analysis tools relevant for ET. In particular,
I lead the evaluation of the multi-messenger perspectives of ET operating
with the high-energy satellites and contributed to the evaluation of the cor-
responding cosmology perspectives. This work is detailed in Branchesi,
Maggiore et al. 2023 (under internal ET review).
The results and methodology presented in this chapter have been ex-
tensively exploited to perform a detailed evaluation of the different ET
designs, with particular attention to multi-messenger observations, pre-
merger sky localisation and applications for cosmological studies. For this
purpose, we tested the performance of configurations 1. and 2. reported in
Box 6.5, both HF+LF and HF alone.
As we deeply emphasised before, the good estimation of the GW sky lo-
calisation can significantly help in the search and identification of the EM
counterpart. In this regard, the performance of configurations 1) and 2)
have been investigated, finding that the ∆ 15 km gives better results in sky
localisation, with respect to the ∆ 10 km. The exclusion of the LF part dras-
tically worsen the sky-localisation performance. Regarding the sky locali-
sation, we explored also the possibility of localising the source before the
merger (30 min, 5 min, and 1 min before the merger) finding that the ∆ 15
km performs similarly to 2L 20 km, and better than the other configura-
tions.

Regarding the joint GW/GRB detection, we explored the detectability of
both prompt and afterglow emission, analogously to the approach followed
in Ronchini et al., 2022a. For the detection of the prompt phase, we consid-
ered Fermi-GBM, GECAM, HERMES, GRINTA-TED and THESEUS-XGIS.
In the simulation setup, we need caution in the processing of the injections,
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Full (HFLF cryo) sensitivity detectors

Instrument ∆10 ∆15 2L 15 2L 20 ∆10 ∆15 2L 15 2L 20

Fermi-GBM 31+9
−9 42+11

−13 39+11
−9 44+13

−11 61+12
−11% 83+9

−10% 79+8
−11% 89+4

−8%

GECAM 61+39
−25 89+54

−34 81+51
−32 96+52

−36 51+5
−6% 74+5

−5% 70+3
−6% 80+4

−4%

HERMES 86+31
−28 120+40

−31 117+37
−34 132+34

−34 55+9
−7% 78+8

−7% 74+9
−9% 85+5

−6%

GRINTA-TED 77+31
−25 107+31

−28 98+31
−25 114+34

−28 57+10
−9 % 79+8

−8% 74+9
−9% 85+5

−5%

THESEUS-XGIS 10+3
−3 13+3

−3 13+3
−3 15+3

−4 57+9
−10% 79+8

−9% 73+11
−7 % 85+7

−5%
HF sensitivity detectors

Instrument ∆10 ∆15 2L 15 2L 20 ∆10 ∆15 2L 15 2L 20

Fermi-GBM 20+8
−7 33+9

−9 29+11
−9 38+12

−10 39+11
−8 % 64+12

−11% 60+12
−11% 76+9

−9%

GECAM 35+21
−15 62+38

−22 58+38
−22 77+47

−30 29+4
−5% 54+4

−5% 49+4
−7% 66+4

−6%

HERMES 52+21
−18 91+30

−29 83+28
−28 107+40

−31 33+7
−8% 58+10

−8 % 53+10
−8 % 71+8

−8%

GRINTA-TED 46+22
−16 80+31

−25 74+28
−25 94+33

−23 34+9
−9% 61+9

−11% 55+9
−10% 72+9

−9%

THESEUS-XGIS 6+2
−2 10+3

−3 9+3
−3 12+3

−3 34+8
−9% 59+10

−8 % 54+10
−9 % 71+9

−9%

TABLE 6.17: Columns 2-5 give the numbers of joint GW+γ-ray detections during
one year of observation for different combinations of γ-ray instruments operating
in survey mode together with different ET full sensitivity configurations. The
absolute numbers do not assume duty cycle for the satellites. Columns 6-9 give
the fraction of detected short GRBs which will have a GW counterparts.

such that the ET configurations are all compared in a equal and consis-
tent way. This requires that the injected BNS population is the same for
all the configurations, as well as the EM output is imposed to be the same.
Namely, for all the BNS of the population, the same GW and EM signal is
assigned and all the ET configurations are observing the same Universe13.
Apart from the absolute number of joint detections, which depends on the
specifics of the γ-ray instrument, it is instructive to compare the ET con-
figurations in terms of fraction of GRBs with detected GW emission. This
quantity is in the interval 51%-61% for ∆ 10 km (as we saw in tab. 6.3),
increasing up to 80%-89% for 2L 20 km. Also here the exclusion of the
LF contribution decreases the joint detection efficiency. The difference be-
tween the ET geometries is appreciable also in terms of redshift distribution

13On the other hand, in order to reproduce a realistic scenario, the duty factor of the GW
instruments is kept as a random parameter, independent for each configuration
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Full (HFLF cryo) sensitivity detectors

Instrument ∆10 ∆15 2L 15 2L 20

THESEUS-SXI survey 10+3
−2 13+3

−4 12+3
−3 12+3

−3

THESEUS-(SXI+XGIS) survey 21+6
−7 21+8

−6 20+7
−5 21+7

−7

HF sensitivity detectors

Instrument ∆10 ∆15 2L 15 2L 20

THESEUS-SXI survey 8+2
−3 11+2

−4 10+2
−3 11+2

−2

THESEUS-(SXI+XGIS) survey 16+6
−5 19+8

−5 19+4
−5 21+8

−6

TABLE 6.18: Numbers of joint GW+X-ray detections during one year of observa-
tion for THESEUS operating in survey mode considering the instrument SXI and
the combination of SXI and XGIS.

Instrument ∆10 cryo 2L 20 km cryo ∆10 HF 2L 20 km HF

THESEUS-SXI pointing 6+4
−4 11+6

−5 1+2
−1 7+4

−4

TABLE 6.19: Numbers of joint GW+X-ray detections during one year of observa-
tion for THESEUS operating in pointing mode considering the instrument SXI

of joint GW/GRB detections, shown in Fig. 6.16, where HERMES has been
considered as γ-ray detector.
For the detection of the afterglow phase, only the THESEUS mission has
been considered, including both the SXI and XGIS instruments. The results
reported in Tab. 6.18 on the survey mode show that no significant differ-
ence appears between the four ET geometries14, since the majority of joint
GW/afterglow detection occurs at low redshift (z ≲ 1), where the GW de-
tection efficiency is close to 100 % for all the ET geometries. On the other
hand, following the pointing strategy (Tab. 6.19) the difference is more ev-
ident, especially for those configurations that perform better in the source
localisation15.
The results on the joint GW/GRB detection have been used as well for

14but the exclusion of LF, as was already evident for the joint GW/prompt detection,
reduce the detection efficiency in a non negligible way.

15Though, notice that given the extremely large amount of GW triggers, the pointing
strategy could be not so efficient. A prioritisation scheme is necessary to optimise the
candidates selection.
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FIGURE 6.16: Histogram of the joint detection of ET and HERMES observing in
survey mode during one year. Panel (a) aims at comparing all the 4 ET configu-
rations, including both HF and LF. In panel (b) and (c) we compare HF+LF with
LF alone.

the cosmological studies. For this aim, only the detections obtained with
THESEUS-XGIS are taken into account, given the high probability that a
spectroscopic determination of the redshift is available, thanks to the good
sky-localisation capability of THESEUS. The number of total BNS injections
is such that we obtain 75 joint GW/GRB detections with the 2L 20 km con-
figuration, corresponding to ∼ 5 yr of observations. The simulation is set
up in such a way that all the four configurations observe the same sample
of BNS, with the same EM output, on the same range of time. With the com-
bined knowledge of the luminosity distance, inferred by GWs, and redshift,
inferred by the EM counterpart, cosmological studies can be performed,
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FIGURE 6.17: Reconstruction of cosmological parameters from the joint GW+EM
events obtained with ET+THESEUS in 5 yr of observations, for the different ge-
ometries of ET shown, all with their HFLF-cryo sensitivity. In panel (a) the esti-
mation of H0 and ΩM in ΛCDM, in panel (b) the reconstruction of the dark energy
equation of state parameters w0 and wa, while in panel (c) the reconstruction of
the parameters Ξ0 and n for GW propagation in modified gravity.

both on a local Universe for the determination of the Hubble constant H0,
as well as on high-z Universe where the action of dark energy equation of
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state is non negligible.
In particular, working in a flat ΛCDM scenario, the cosmological parame-
ters H0 and ΩM can be derived through the following relation:

dL(z) =
c

H0
(1 + z)

∫ z

0

dz̃√
ΩM(1 + z̃)3 + ΩΛ

. (6.12)

We find that for all the configurations, the relative error of H0 reaches few
%, going to sub-% including priors from other probes, such as SNe, bari-
onic acoustic oscillations and CMB. The posterior reconstruction of H0 and
ΩM is shown in Fig. 6.17a.
The test of dark energy EoS can be done considering again eq. 6.12 and
relaxing the assumption that ΩΛ is constant in time. This introduces a red-
shift dependence, which can be parametrised as:

wDE(z) = w0 +
z

1 + z
wa,

where wDE(z) relates pressure and density as pDE(z) = wDE(z)ρDE(z). The
reconstruction of the dark energy EoS parameters can be obtained from a
sample of joint GW/GRB detections, once the other parameters of eq. 6.12,
H0 and ΩM, are assumed to be known from other EM probes, with negligi-
ble uncertainty. The results are shown in Fig. 6.17b.
As a final test, we investigated the possibility of probing possible deviations
from general relativity (GR) in the propagation of gravitational waves. As
shown in Belgacem et al., 2018, there exist a class of gravity models which
predict a GW propagation equation which differs from the GR version from
the introduction of a friction term. This translates not in a deviation of GW
speed from the speed of light (which is already tightly constrained from
GW170817), but rather in a deviation in the GW amplitude suppression as
it propagates towards the observer. This would mean that, while in GR
both EM and GW radiation fluxes decay as D−2

L , for this class of modified
gravity the GW flux drops more rapidly. Hence, EM luminosity distance
Dem

L deviates from the one derived from GWs Dgw
L and the difference can

be parametrised as:
Dgw

L (z)
Dem

L (z)
= Ξ0 +

1 − Ξ0

(1 + z)n .

GRBs are optimal sources to test the GW propagation and test modified
gravity at cosmological scale, since the GW/GRB temporal coincidence is
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maintained to confirm the signals’ association and the EM luminosity dis-
tance can be estimated from the host galaxy to be compared with the lumi-
nosity distance from the GW signal. The reconstruction of Ξ0 and n with
our sample of 5 yr of joint GW/GRB detections is shown in Fig. 6.17c. As a
general result, we find that all the four ET configurations give very similar
results on the estimation of cosmological parameters, with the best perfor-
mance by 2L 20 km, followed by 2L 15 km and ∆ 15 km, and finally by ∆ 10
km.

6.2.7 Conclusions

Our work shows that in order to maximise the scientific return of 3G GW
detectors in the multimessenger era, it is necessary to develop sensitive
wide-FOV high-energy instruments able to detect but also localise a large
number of short GRBs. Instruments, such as THESEUS, combining γ-ray
and WFX-ray telescopes, are of primary importance to guarantee the ob-
servation of γ-ray and X-ray counterparts, by detecting ∼ 10 − 100 well
localised SGRBs up to high redshifts, for which also the host galaxy can be
identified. This is of primary importance for evaluating the cosmological
parameters and testing general relativity at cosmological scales. WFX-ray
telescopes are required to detect GRB off-axis and make it possible to ex-
plore the jet structure, its interconnection with the ejecta, and the nature of
low-luminosity SGRBs with a unique level of detail.
Medium-size X-ray instruments, such as Athena WFI, will become effec-
tive (operating mosaic of the GW sky localisation) for the X-ray counterpart
search when a network of GW detector will observe. Mosaic observations
with deep exposure by Athena WFI can enhance the possibility to detect
off-axis X-ray emission. Sensitive instruments such as Athena X-IFU will
be crucial to follow-up and characterise the X-ray emission at later times
with respect to the merger.
The methodology presented in this section is a powerful and versatile tool,
which can be systematically used to forecast the performance of current
and future GW detectors, in cooperation with γ-ray and X-ray detectors.
The simulation setup can be easily adjusted with the introduction of other
CBM populations, as well as with other more sophisticated models for the
prediction of the EM signal. For instance, it is possible that with future
joint GW/GRB detections we will have a much more clear understanding
of how the progenitor properties (component masses and spins, nature of
the remnant) impact on the EM output. Hence, a more detailed and reliable
model of the high-energy EM signal can be developed, starting from the
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merger properties inferred from GW analysis.
The usefulness and applicability of our procedure has been extensively
demonstrated in the completion of the ET OSB study for the assessment of
the possible design of the ET. Our study explores in detail advantages and
drawbacks of different ET configurations for the multi-messenger detec-
tion of CBMs, adopting the several observing strategies investigated in this
section. Our predictions have been exploited as well for the comparison
between different ET designs regarding cosmological studies, highlighting
the wide impact of ET also in this sector.
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Chapter 7

Summary

In this thesis, multiple aspects of the physics and phenomenology of GRBs
have been addressed, with a special focus on the multi-messenger poten-
tial of these energetic events. Our analysis made use of both multi-band
data analysis and development of theoretical and phenomenological mod-
els. The first part of the work described in chapters 4 and 5 took the ad-
vantage of the wealth of information provided by the Swift GRB catalog
and data archive built over almost 20 years of observations, to extract new
insights about open problems in the interpretation of the GRB X-ray emis-
sion. The second part of the thesis described in chapter 6 analysed the GRBs
in the multi-messenger context by using the current observations of LIGO
and Virgo and by evaluating the perspectives of the next generation GW
observatories operating in synergy with high-energy satellites.

Exploring the origin and properties of the GRB X-
ray emission: initial steep decay and plateau

Most of the X-ray light curves of GRBs are characterised by a steep-
to-shallow transition, not in agreement with the predictions from the
standard forward shock emission from a decelerating blast wave. The
steep X-ray decay represents the final tail of the prompt emission. Since the
spectrum gradually shifts towards lower energies, the prompt tail is better
monitored in X-rays, rather than γ-rays. Therefore, the specific evolution of
the spectral shift, combined with the evolution of the flux decay, contains
useful hints about the prompt emission process, especially at the moment
of its final phases, when the jet stops to dissipate its internal energy and
enters in the deceleration phase.
Despite the importance of exploring steep decay, which is directly related
to the central engine physics, there was little work which systematically
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investigated this peculiar phase. Taking the advantage of almost 20 years
of observations of Swift, this thesis provides for the first time an exhaustive
examination of the X-ray steep decay, considering all the GRBs in the
Swift catalogue with a sufficiently high quality of data. This systematic
search enabled us to discover a unique relation between the flux and
the spectral index, pointing to a common physical process at its origin.
Even if the light curves are in agreement with the standard interpreta-
tion of the steep decay phase being due to the high-latitude emission,
the inclusion of the spectral information highlights an inconsistency
with this scenario. Following a thorough modelling of the combined
spectral-temporal behaviour during the steep decay, we concluded that
an intrinsic evolution of the spectrum needs to be invoked and the most
favoured process driving it is the adiabatic expansion of the outflow.
In the context of the origin of prompt emission, this finding has deep
consequences. The dominance of adiabatic losses strongly suggests that
the radiating particles are unable to efficiently cool on the dynamical time
scale. In turn, this evidence gives insight into the nature of the emitting
particles (pointing to protons rather than electrons), as well as on the
physical conditions (e.g., regarding the evolution and strength of the mag-
netic field) that characterise the prompt emission site (Ronchini et al., 2021).

Another compelling phase of the X-ray light curve is the plateau, char-
acterised by a very shallow decline of the X-ray flux and whose duration
can last up to 103 − 105 s. The origin of this feature remains under debate.
In chapter 5 we defined a complete sample of GRBs with X-ray plateau to
derive the overall statistical properties and to identify a sub-sample where
both optical and X-ray data are available during the plateau phase. The
systematic broad-band spectral analysis of the plateau phase can provide
clues about its origin, possibly discerning between the available scenarios.
We performed a joint X-ray/optical time-resolved spectral analysis, in or-
der to test whether both X-ray and optical data are compatible with a single
synchrotron emission component, as predicted from the standard forward
shock scenario. We find that a considerable fraction of the analysed GRBs
shows an optical emission in excess with respect to a single synchrotron
emission. The results demonstrate that the broad-band emission during the
X-ray plateau, at least in some cases, is the combination of multiple com-
ponents, possibly arising from different emission sites. Mixed scenarios are
a viable explanation, where a magnetar wind, the forward shock emission
and the prompt HLE from a structured jet simultaneously contribute to the
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overall spectral and temporal evolution (Ronchini et al., 2022b). In the fu-
ture, observations at intermediate wavelengths between optical and X-ray
bands could help in constraining better the overall spectral shape during
the plateau phase. Additionally, measurements of the level of X-ray polar-
ization can give further insigths about the specific nature of the radiative
process.
Both the study of the steep decay and plateau in the X-ray light curves
are a step forward in our understanding of the afterglow phenomenology
and its connection with the prompt emission nature. The knowledge of the
emission processes during these phases has been used to develop reliable
population models and to evaluate the detectability of GRBs with current
and future facilities (next section).

Prospects for the multi-messenger detection of
GRBs

A large part of my thesis work has been devoted to the evaluation of the
perspectives for multi-messenger astronomy using GRBs, in particular the
evaluation of joint EM/GW detections, the definition of the best observa-
tional strategies, the identification of the best operation and technical re-
quirements for the high-energy satellites and GW detectors to maximise
the multi-messenger science. This work required to develop expertise in
both the electromagnetic and gravitational wave data analysis, as well as in
CBMs and GRBs modelling.

I participated in the search for GW signals in coincidence with GRBs
detected during the third run of observations of LIGO, Virgo and KA-
GRA. Both the un-modelled search for generic gravitational-wave tran-
sients (used to analyse 86 events) and the modelled search for binary merg-
ers including at least one neutron star (used to analyse 17 events), found
no significant evidence for gravitational-wave signals associated with any
GRB. The work (including data from the first to the third run of LIGO,
Virgo and KAGRA observations) gives constraints on the population of
low-luminosity short GRBs showing accordance with the local binary neu-
tron star merger rate (Abbott et al., 2022a).

The tools, theoretical models and results presented in chapter 4 and 5 are
propaedeutic for the methodology developed in chapter 6, where the most
updated knowledge of the prompt and afterglow phenomenology enabled
us to explore the future prospects of GRB detection in the multi-messenger
era of 3G GW detectors. We particularly focus on the Einstein Telescope,
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which is expected to revolutionise our knowledge of BNSs by detecting
∼ 105 CBMs per year. Wide field γ-ray and X-ray telescopes will ensure a
constant monitoring of the transient sky, allowing us to associate the EM
counterpart, up to high redshift, to GW events detected by 3G instruments.
In this thesis I investigated in detail several combinations of GW/EM facili-
ties, assessing the efficiency of different observing strategies. We found that
almost all detected short GRBs will have a GW counterpart making multi-
messenger astronomy a mainstream. Depending on the different gamma-
ray satellites, tens to hundreds of detections per year are expected. Among
them, we highlight the importance of instruments providing arcmin sky
localisation which are able to drive the EM follow up with ground-based
optical facilities.
We demonstrated the importance of X-ray telescopes, both wide- and
narrow-field of view, to increase the number of short GRB detections, to
detect off-axis events and GRBs intrinsically sub-luminous in the γ-rays,
located in the nearby Universe. We showed how an exploitation of the GW
parameter estimation can help in defining a prioritisation scheme, which is
mandatory when the number of GW transients will significantly increase.
In addition, we evaluated the potential of pre-merger parameter estimation
which will be realistically feasible with 3G GW detectors (Ronchini et al.,
2022a). Synergy between GW observatories, γ-ray and X-ray telescopes is
vital for the systematic detection of BNS up to high redshifts, allowing to
confirm the GW/EM association, for the redshift determination and subse-
quent full characterisation of the multi-wavelength emission .
Observing CBMs along the cosmic history will open new frontiers in the
fields of relativistic astrophysics, stellar evolution and populations, nu-
clear physics, gravitational physics and cosmology, enabling to connect
the mergers to the properties (star formation and metalicity) and evolution
of the Universe. My thesis work evaluates the multi-messenger and cos-
mology perspectives by developing a versatile theoretical approach able
to reproduce all the current high-energy and GW osbervations of GRBs
and BNS, and to evaluate joint detections for different ET designs, differ-
ent network of GW detectors operating with different high energy satellites
(including mission concepts such as ASTROGAM, THESEUS, GRINTA or
mission such as HERMES and ATHENA).
A list of publications which regard my research activity during the PhD is
reported in the following.
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List of publications

Here we report the short-author list publications produced during my PhD.

1. Ronchini et al., 2021, Nature Communications: study of the spectral
evolution during the X-ray steep decay. Results described in chapter
4

2. Ronchini et al., 2022b, under review in Astronomy & Astrophysics:
combined optical/X-ray analysis during the X-ray plateau. Results
described in chapter 5

3. Ronchini et al., 2022a, Astronomy & Astrophysics: multi-messenger
perspectives for the joint GRB/GW detection in the era of 3G GW
detector. Results described in chapter 6

4. Ghirlanda et al., 2021, Experimental Astronomy: I evaluated the ca-
pabilities of the THESEUS in

• detecting and analysing the steep decay and related spectral evo-
lution.

• observing the effects of the jet structure in the X-ray light curve,
both for an on-axis and an off-axis observer.

5. Ciolfi et al., 2021, Experimental Astronomy: my systematic analysis
of the Swift-XRT catalogue has been used to predict the detectability
horizon of THESEUS for the plateau phase.

6. Dupletsa et al., 2022, Astronomy and Computing: I contributed in the
development and testing of the code GWFish. I also participated in
the consistency check of our code with similar Fisher matrix codes
(Iacovelli et al., 2022; Li et al., 2022).

7. Banerjee et al., 2022, Astronomy & Astrophysics : I contributed in
the simulations performed to evaluate the pre-merger parameter es-
timation of 3G GW detectors, in synergy with future generation
Cherenkov detectors.
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8. Lucarelli et al., 2022, under review in Astronomy & Astrophysics:
the plateau sample defined in my thesis work has been used for the
systematic search of neutrino signals in IceCube, in coincidence with
GRBs

9. Branchesi et al. (under internal review within the ET collaboration):
I contributed to study the scientific performances of different de-
sign configurations of the ET, providing simulations of future joint
GW/GRB detections and their impact on cosmological studies.

10. Oganesyan et al., 2021 under review in Nature Astronomy, Mei et al.,
2022a, Astrophysical Journal, Mei et al., 2022c, Nature: I supported
the data interpretation and for the last one I produced the graphic
illustration in Fig. 5.

Finally, as member of the LVK collaboration I co-authored 29 papers.
My main contribution is described in chapter 6 and published in Abbott
et al., 2022a.
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Appendix A

In this appendix we report some calculations useful for the concepts pre-
sented in Chapters 2 and 3, regarding the BNS merger rate and the relation
between the jet structure and luminosity function. These results will be also
taken into account in Chapter 6 for the modelling of the short GRB popula-
tion .

A.1 Relation between SFR and BNS merger rate

Here we show how to derive the formula 3.6 from first principles. Let us
consider a volume ∆V located at redshift z, corresponding to a time t0 .
We need to compute all the mergers that occur in that volume during the
interval of time [t0, t0 + ∆t]. We divide the temporal line before t0 in sin-
gle bins of duration ∆τ. The number of stars born during this interval is
N(τ) = ρ̇∗(t0 + τ)∆τ∆V, where R∗ is the star forming rate. The probability
that during an interval of time between τ and τ + ∆τ a fraction ϵ of stars
ends with a merger is given by the binomial distribution:

B(N, ϵN, p) =


 N

εN


 pεN(1 − p)N(1−ε),

where

p = p(τ) =
∫ τ+∆t

τ
P(τ̂)dτ̂.

The average number of mergers occurring at time t0 whose progenitors are
originated at time t0 + τ is pN. Therefore, the total number of mergers
occurring in the time interval [t0, t0 + ∆t] is given by

Ntot = ∑
i

p (τi) N (τi) .
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The merger rate is therefore:

Ntot

∆V∆t
= ∑

i
p (τi) ρ̇∗ (t0 + τi)

∆τ

∆t
.

In the limit of ∆V, ∆t → 0, we have p(τ) → P(τ)∆t:

Ntot

∆V∆t
→ ρ̇(t0) =

∫
P (τ) ρ̇∗(t0 + τ)dτ.

A.2 Jet structure and luminosity function

In this section we show how to derive the luminosity function in the case
of a structured jet. In the case of a universal structure, we can write the
luminosity as:

L(ϑ) = L0S(ϑ),

where S(ϑ) is the structure and L0 is constant. Hereafter we denote with
Px(x) the probability density function of the random variable x. For a
generic function y = y(x) such that x(y) can be defined:

Py(y) =
d

dy

∫ x(y)

−∞
Px(x)dx.

For an isotropic distribution

Pϑ(ϑ) =





sin ϑ, 0 < ϑ < π/2

0, otherwise
.

Therefore:

ϕ(L) = PL(L) =
d

dL

[
cos ϑ

∣∣∣
0

ϑ(L)

]
= sin ϑ(L) · dϑ(L)

dL

= sin ϑ(L) · 1
dL/dϑ

∣∣∣
ϑ(L)

.

In the case of a Gaussian jet L = L0e−(ϑ/ϑc)
2

ϑ(L) = ϑc

√
ln
(

L0

L

)
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dL
dϑ

∝ −2ϑe−(ϑ/ϑc)
2

∝ L

√
ln
(

L0

L

)

ϕ(L) ∝ sin ϑc

√
ln
(

L0

L

)
· 1

L
√

ln
(

L0
L

) −→
L∼L0

L−1.

For L ≪ L0 (i.e., ϑ ≫ ϑc ), since sin x < x, PL(L) has a shallower decay,
namely

d log PL

d log L
≳ −1.

Analogously one can repeat the exercise far a power law structure in the
form

S(ϑ) =

{
1 ϑ < ϑc

(ϑ/ϑc)−k ϑ > ϑc
,

obtaining

ϕ(L) ∝
(

L0

L

)1+ 1
k

sin

[
ϑc

(
L0

L

)1/k
]

−→
L∼L0

L−1− 2
k

−→
ϑ∼π/2

L−1− 1
k .

So far we worked in the assumption L0 = const, namely L(ϑ = 0) = const
for all the GRBs. Here we extend the treatment considering a probability
distribution for L0. In order to compute ϕ(L), we remind that if y = AB
and both A and B are random variables, then:

Py(y) =
∫ +∞

−∞
PA(A) · PB

( y
A

)
· 1
|A|dA

. Therefore we can write:

PL(L) =
∫

PS(S)PL0

(
L
S

)
dS
S

.

Using

PS(S)dS =
dN
dS

dS =
dN
dϑ

dϑ = Pv(ϑ)dϑ,
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we arrive to

ϕ(L) =
∫ π/2

0
dϑ

sin ϑ

S(ϑ)
PL0

(
L

S(ϑ)

)
.
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Appendix B

In this appendix we explicit all the useful calculations regarding the jet
structure, including the HLE for an on-axis and off-axis observer, the prop-
erties of the plateau induced by jet structure and estimation of the jet trans-
parency as a function of the viewing angle.

B.1 Prompt HLE from a structured jet, viewed
from an on-axis observer

In this section we derive the properties of the light curve produced by a
structured jet, in the approximation of an instantaneous prompt emission
flash. Starting from eq. (B.8) in Ascenzi et al., 2020c, we have that the time
dependence of the observed flux can be written as:

Fν(t) ∝
∫

EATR

ϵ(θ)S(ν/D)D3P(α, τ)dl
|∇h| ,

which is valid in the generic case of a structured jet seen off axis. Here:

• the integral is computed along the equal arrival time ring, defined as
the intersection between the jet surface and a plane ⊥ to the line of
sight;

• ϵ(θ) is the comoving emissivity;

• The Doppler factor is

D = D(θ, ψ) =
1

Γ(θ)(1 − β(θ) cos(ψ))
,

where ψ is the angle between the direction of propagation of the jet
patch with respect to the line of sight;
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• the projection factor is

P(α, τ(θ)) =

{
1, τ(θ) ≪ 1
cos α, τ(θ) ≫ 1

,

where τ is the angle-dependent optical depth and the angle α is mea-
sured between the ⊥ to the jet surface and the line of sight;

• S(ν) is the comoving spectral shape;

• h = D(θ, ψ)Γ(θ)t − tem.

The above expression simplifies in the limit of on-axis observer, giving:

Fν(t) ∝
ϵ(θ)S(ν/D)D3P(α, τ)

|∇h| R(θ) sin θ,

where

|∇h| = DΓ
c

|∂θ(R cos θ)|√
(∂θR)2 + R2

.

Assuming that the jet is propagating at a constant speed β(θ), we can write:

R(θ) ∼ ctemβ(θ).

Therefore:

Fν(t) ∝
D2(θ)

Γ(θ)
ϵ(θ)S[ν/D(θ)]

√
(∂θ β(θ))2 + β2(θ)

|∂θ(β(θ) cos θ)| β(θ) sin θ

×





1 , τ(θ) ≪ 1
1√

(∂θ β(θ))2 + β2(θ)
∂θ(β(θ) sin θ) , τ(θ) ≫ 1 .

(B.1)

Here the angular variable θ is related to the observer time by t = tem(1 −
β(θ) cos θ). Therefore to each observer time we can associate a specific an-
gle θ(t). In the limit of τ(θ) ≫ 1, the above expression does not corresponds
to the eq. (A6) of Oganesyan, 2020 (O20), since the authors, in eq. (A1) and
(A2), approximate i) the projection factor P(θ) = cos θ, and ii) the element
of surface as dS = R2 sin θdθ, obtaining

Fν(t) ∝
∫

I′ν′D
3(θ)P(θ)dS ∝

∫
I′ν′D

3(θ)R2 sin θ cos θdθ.
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Though, conditions i) and ii) are valid only in the limit of a spherical ap-
proximation R(θ) =const. Taking correctly into account the jet curvature,
the quantity R2 cos θ sin θ should be replaced with the more generic one
∂θ(R(θ) sin θ)R(θ) sin θ. Indeed, as a consistency check, it can be verified
that, for τ ≫ 1, eq. (A6) of O20 corresponds to eq. B.1 in the limit of

∂θ(β(θ) sin θ) → β(θ) cos(θ),

valid only if β(θ) ∼ const and not true for structured jets. The contribution
of the term ∂θ(β(θ) sin θ) becomes not negligible when ∂θ(β(θ) sin θ) → 0,
namely when the azimuthal height of the jet y(θ) = R(θ) sin θ ∼ const and
the jet surface is tangent to the line of sight. Notice that neither in the limit
τ ≪ 1, (A6) of O20 corresponds to eq. B.1, since

P(θ)dS = R2
√

1 + (∂θ ln R)2 sin θdθ ̸= R2 sin θ cos θdθ.

Hereafter, if not specified otherwise, we adopt eq. B.1 in the limit of opti-
cally thin medium.

B.2 Features of the X-ray plateau from a struc-
tured jet

Here we show how to derive basic relations between the jet structure pa-
rameters and the X-ray plateau characteristics, such as duration and lumi-
nosity. For the computation of the luminosity, we notice that the appear-
ance of the plateau in the HLE light curve occurs always after a steep decay
phase. In the HLE framework, the steep decline is expected in the limit of a
spherical surface, therefore the transition between steep decay and plateau
occurs when the jet structure starts to deviate from the spherical approx-
imation. If the jet core is identified by a characteristic value θc, such that
Γ(θ < θc) ∼ const, then the plateau luminosity will be roughly the lumi-
nosity of the light curve at t = t(θc). Hence

Fν (t (θc))

Fν (t (θ0))
∼ cos θc

(
1 − β

1 − β cos θc

)1+s

−→
β∼1,θc≪1

(θcΓ0)
−2(1+s) ,
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FIGURE B.1: Dependence of the plateau duration on both the core radius R0 and
the core aperture θc.

with Γ0 = Γ(θ = 0) and s is the low-energy spectral slope of the prompt
emission spectrum 1. Since the average value of the low-energy photon
index is ∼ 1, then it is reasonable to take s ∼0. The expression above allows
us to write the X-ray plateau luminosity as a function of the peak prompt
luminosity as

LX ∼ λ(s, νp)Lpeak (θcΓ0)
−2 ,

where λ(s, νp) is the fraction of prompt energy that is emitted in X-rays.
Thus, the plateau luminosity appears to be strongly dependent on θc and
Γ0, but the dependence on the assumed jet structure outside the core is
negligible.

On the other hand, it turns out that the plateau duration depends on all
the parameters of the jet structure. By the use of numerical evaluation of
eq. B.1, one can verify that, once the structure profile is fixed, the plateau
duration mainly depends on R0 = R(θ = 0) and more mildly on the core
aperture angle. The dependence on Γ0 is completely negligible. It can be
verified numerically than the following relation holds:

tp ∝ Rn
0 θm

c ,

with n ∼1 and 0.5 ≲ m ≲ 1. As an example, we show in Fig. B.1 the
dependence of the plateau duration on both the core radius R0 and the core

1The expression is valid as long as the peak energy νp ≫ νX throughout the steep decay
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Ghirlanda et al., 2019b Mooley et al., 2022

θv 15+1.5
−1.0 21.89+3.35

−2.89

θc 3.4+1.0
−1.0 4.9+1.2

−1.2

s 3.5+2.1
−1.7 1.8+3.20

−1.53

log Γ0 2.4+0.5
−0.4 2.93+0.95

−1.35

TABLE B.1: Jet structure best fit values adopted in this section, taken from
Ghirlanda et al., 2019a and Mooley et al., 2022.

aperture θc. For the structure we assume a power law profile with slope
s = 2.5 and Γ0 = 100.

B.3 On the compactness related to the prompt
emission from a structured jet

Here we specify what are the physical conditions such that a patch of a
structured jet is optically thin and therefore the emitted radiation can es-
cape from the medium. Hereafter we follow the approach of Matsumoto
et al., 2019. Let us consider a jet with a given Lorentz factor structure Γ(θ̂).
The jet axis is inclined by an angle θv with respect to the line of sight. We
define the polar coordinate θ measured from the line of sight, while θ̂ is
measured from the jet axis (i.e., θ̂ = θ + θv). At each angle, three main
sources of opacity should be considered during the prompt emission: A)
γγ annihilation, B) scattering due to pair production, C) electron scatter-
ing.
For a jet with a given structure and luminosity, the combination of this
components defines an effective angle-dependent optical depth τ(θ, Γ(θ)),
given by eq. 23 in Matsumoto et al., 2019. Hence, the regions of
the jet which contribute to the observed emission are those that satisfy
τ(θ, Γ(θ)) > 1. In other words, the last condition defines a region in the
(Γ, θ) plane for which τ > 1 and the radiation can escape.
As an exercise, we test whether the γ-ray flash observed for GRB 170817A

can be indeed produced by a structured jet seen off-axis. For the estimation
of the jet structure and viewing angle we use the results from Ghirlanda
et al., 2019b and Mooley et al., 2022, which are the ones that include in their
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FIGURE B.2: Intersection between the allowed region imposed by the trans-
parency condition (light and dark red contours) and the confidence region of the
plane Γ − θ found in Ghirlanda et al., 2019c (right) and Mooley et al., 2022 (left).
The green and yellow bands define the 68% and the 95% confidence regions for
the structure Γ(θ).

analysis both multi-band afterglow data and VLBI measurement of the ra-
dio image centroid. Both the works assume a power law structure in the
form:

Γ(θ) = 1 + (Γ0 − 1)
1

[
1 +

(
ϑ
ϑc

)a]s/a ,

with a = 1 for the first work and a = 2 for the second one. The results are
reported in Fig. B.2. The green and yellow bands define the 68% and the
95% confidence regions for the structure Γ(θ). They are obtained extract-
ing randomly the structure parameters and the viewing angle, assuming
for each parameter a uniform distribution in the 1σ confidence interval.
The dashed line is the fiducial structure profile. The vertical dot-dashed
line is the fiducial viewing angle. With dark- and light-red we report the
allowed (Γ, θ) region defined by conditions B) and C) mentioned above, re-
spectively, which are the most stringent for low-luminosity events like GRB
170817A. For the computation of the optical depth, we use the same param-
eters adopted in Matsumoto et al., 2019 for GRB 170817. In this specific case,
the region defined by condition C) is completely enclosed by the region de-
fined by condition B). The absence of an intersection between the (Γ, θ) al-
lowed region and the structure confidence region would mean that from no
part of the jet the radiation can escape, implying that the γ-ray flash cannot
be originated from a structured jet seen off-axis. On the other hand, if an
intersection exists, such region defines an interval of angles θ ∈ [θmin, θmax]
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from which the radiation can escape and arrive to the observer. We notice
that for the jet structure and viewing angle derived from Ghirlanda et al.,
2019b, there is no intersection with condition C), while for the parameters
of Mooley et al., 2022 the intersection exists2. In this last case, the observed
γ-ray flash would be produced by a small region (few deg wide) of the jet
aligned along the line of sight, provided that this patch of the jet moves at
Γ(θv) ≳ 8 (Γ(θv) ≳ 20) considering case B (case C).
This example could be extended for a generic GRB with a given jet structure
and given observational properties. In general, when the prompt emission
from a structured jet is computed, an additional term e−τ(θ,Γ(θ)) should be
taken into account. Therefore the observed flux would be given by:

Fν(t) =
∫

EATS
R2(θ)I′νe−τ(θ)D3(θ) sin θ cos θdθ,

where I′ν is the comoving emissivity.

2This occurs because in the second work a much larger uncertainty on Γ0 is derived.
corresponding to an uncertainty of almost two orders of magnitude for Γ(θ̂ = θv)
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Here we report some additional computations used in Chapter 5, in partic-
ular regarding the contribution of Synchrotron self Compton for the cooling
of particle during the afterglow phase. The following results are necessary
to justify our assumptions regarding the dominating cooling regime during
the plateau phase.

C.1 The role of the Y parameter

Following Sari and Esin, 2001, here we estimate how the Y parameter
adopted in eq. 5.3 can influence the ratio νc/νm and hence determine the
cooling regime. The Y parameter is defined as the ratio between the SSC
and synchrotron luminosities:

Y =
LSSC

Lsyn
=

ηeϵe

ϵB(1 + Y)
,

where

ηe =





1, fast cooling(
γc
γm

)2−p
, slow cooling

,

from which

Y =





ηeϵe
ϵB

, ηeϵe
ϵB

≪ 1
(

ηeϵe
ϵB

)1/2
, ηeϵe

ϵB
≫ 1

Let us define νc/νm = (γc/γm)2 = R. Since R depends on Y, which in
turn can depend on R, we check a posteriori the value of R, depending on
the value of Y. As reference, we assume as fiducial values ϵe = 0.1 and
ϵB = 10−3.

1. Let us assume that we are in slow cooling. Then R > 1. We can have:
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FIGURE C.1: Panel (a): Contour plot of the value of R = νc/νm as a function of ϵe
and ϵB. The dashed line correspond to the combination of ϵe and ϵB which give
R=1. The region on the right identifies the fast cooling regime. Panel (b): Lines
in the [ϵe, ϵB] plane where R = νc/νm = 1. Each line is computed at different
times. The region of the plane on the right of the line identifies the combinations
of [ϵe, ϵB] which give a fast cooling regime..

(a) Y ≪ 1, namely ηeϵe/ϵB ≪ 1, which gives R ≪
(

ϵe
ϵB

) 2
p−2 . This

condition, for p > 2, is compatible with the value of R derived
from eq. 5.3 (R∼ 105), hence not is contradiction with a slow
cooling regime. In other words, slow cooling and negligible SSC

can co-exist in the condition 1 < R ≪
(

ϵe
ϵB

) 2
p−2 .

(b) Y ≫ 1, namely ηeϵe/ϵB ≫ 1, leading to R ≫
(

ϵe
ϵB

) 2
p−2 ≫ 1.

Though, if we plug the expression of Y =
√

R
2−p

2 ϵe
ϵB

into eq. 5.3,
we obtain

R ∼
(

105 ϵB

ϵe

) 1
2−p/2

≪
(

ϵe

ϵB

) 2
p−2

which brings to a contradiction. This means that, for the as-
sumed values of ϵe and ϵB, the condition Y ≫ 1 is incompatible
with a slow cooling regime.

2. Let us assume that we are in fast cooling. Therefore ηe = 1 and Y =
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√
ϵe/ϵB = 10. Substituting Y in eq. 5.3 we get R ∼ 103, which is

contradiction with the assumption of a fast cooling

Summarising, with the assumed values of ϵe and ϵB, the only acceptable
combination is Y ≪ 1 and slow cooling regime.
More generally, the value of R can be found as a function of ϵe and ϵB
solving numerically the implicit function defined by eq. 5.3, where R =
R(ϵe, ϵB, Y(R, ϵe, ϵB)) . The result is shown in Fig. C.1(a), where we have
fixed td = 1 and n = 1 cm−3. The color bar indicates the ratio R and the
blue dashed line divides the plane between the slow cooling (bottom left)
and the fast cooling (top right) regimes. The plot shows that, for the as-
sumed fiducial values ϵe = 0.1 and ϵB = 10−3, we are on the left of the
dashed line, therefore in the slow cooling regime. Fig. C.1(b) shows the
same dividing line at three different times, t = 10−2 d, t = 10−1 d and t = 1
d. It is evident that at early times the region of the [ϵe, ϵB] plane which gives
a fast cooling is larger. Though, for the assumed fiducial values ϵe = 0.1 and
ϵB = 10−3 at early times we are still in slow cooling regime. Notice that the
results shown in this section do not rule out the fast cooling regime, but
rather demonstrate that the slow cooling is more plausible, since there exist
more combinations of ϵe and ϵB which give νc > νm. For this reason, since
the fast cooling cannot be rejected, in section 5.2.2 we interpret our data in
both cooling regimes.
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Appendix D

Here we report further details about the theoretical modelling adopted in
Chapter 6, specifically for the BNS population and how it relates with the
short GRB population, the computation of the prompt emission obsevables
and the dependence of our results on the NS mass distribution.

D.1 BNS population synthesis model

Here, we specify the details of the assumptions adopted for the population
synthesis model. The simulated BNS population is produced following the
method described in Santoliquido et al., 2021. The authors make use of the
COSMORATE code, which adopts the star formation rate density and av-
erage metallicity evolution of the Universe from Madau and Fragos, 2017.
We assume a metallicity spread σZ = 0.3. Redshift evolution and overall
normalization of BNS merger density depend on several assumptions re-
garding the common envelope prescription (parametrized by the common
envelope ejection efficiency αCE), the natal kick model, the supernova ex-
plosion, the mass transfer via accretion, and the shape of the initial mass
function. Here, we describe electron-capture supernovae as in Giacobbo
and Mapelli, 2019 and assume the delayed supernova model (Fryer et al.,
2012) to decide whether a core-collapse supernova produces a black hole or
a neutron star.
When a neutron star forms from either a core-collapse or an electron-
capture supernova, we randomly draw its mass according to an uniform
distribution between 1 and 2.5 M⊙. We generate the natal kicks accord-
ing to vkick ∝ mej/mrem vH05, where mej is the mass of the ejecta, mrem is
the mass of the compact remnant (neutron star or black hole) and vH05
is a random number extracted from a Maxwellian distribution with one-
dimensional root-mean square σ = 265 km s−1 (Hobbs et al., 2005). This
formalism ensures low kicks for most electron-capture and ultra-stripped
supernovae (Giacobbo and Mapelli, 2020). We assume a value of αCE = 3
for common envelope, we calculate the concentration parameter λ as in
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Claeys et al., 2014 and the mass transfer formalism from Hurley et al., 2002.
We draw the mass of the progenitor primary star from a Kroupa mass func-
tion (Kroupa, 2001). For the initial mass ratios, orbital periods and eccen-
tricities we use the distributions inferred by Sana et al., 2012.

D.2 How f j depends on the BNS population

f j is defined as the fraction of BNS which gives a successful jet. Thus, defin-
ing ρ̇BNS (z) the merger rate density in units of Gpc−3yr−1, then the GRB
rate density is

ρ̇GRB = f jρ̇BNS.

The observed rate of GRB detection is:

R ∝
∫

dz f j
ρ̇BNS

1 + z
· dVc

dz

∫ ∞

Lmin (z)
φ(L)dL, (D.1)

where φ(L) is the luminosity function and Lmin is defined as:

Lmin(z) = 4πD2
L(z)k(z)S,

with S the minimum detectable flux of the instrument and k(z) the k-
correction. In our approach, the model is calibrated in such a way that ⟨R⟩
corresponds to the average rate observed by Fermi. This method defines
the best value of f j as well as the other model parameters and once they are
known φ(L) is uniquely defined. Hence the derived f j and φ(L) depend on
the assumed ρ̇BNS(z).
Here we show how f j changes adopting a different ρ̇BNS(z) . Without re-
running the Monte Carlo for the full exploration of the parameter space,
we can provide an order-of-magnitude estimate through analytical com-
putations. Let us call ρ̂BN S(z) = ρ̂0 · r̂(z) the new population, such that
ρ̂0 defines the local rate and r̂(z = 0) = 1. Imposing the condition

R
∣∣∣
ρBNS

= R
∣∣∣
ρ̂BNS

⇒
∫

dz f j
ρBNS

1 + z
dVc

dz

∫
dLφ(L) =

∫
dz f̂ j

ρ̂BNS

1 + z
dVc

dz

∫
dLφ(L).

Notice that f j and φ(t) are degenerate, namely for a given ρBNS and ⟨R⟩,
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there is not a unique combination of f j and φ(L) that satisfies eq. D.1. There-
fore we assume for simplicity that φ(L) is known a priori 1. Under this
assumption, we can distinguish two cases:

1. r(z) = r̂(z) but ρ0 ̸= ρ̂0, hence

⇒ f jρ0 = f̂ jρ̂0 ⇒ f̂ j = f j (ρ0/ρ̂0) ;

2. both r(z) ̸= r̂(z) and ρ0 ̸= ρ̂0, in which case:

⇒ f̂ j = f j
ρ0

ρ̂0

∫
dz r(z)

1+z
dVc
dz

∫
φ(L)dL

∫
dz r̂(z)

1+z
dVc
dz

∫
φ(L)dL

.

D.3 Computation of the observables in the struc-
tured jet scenario

In this section we show how the peak flux, the fluence and the isotropic
energy are derived in the structured jet framework. The derivation is done
assuming a unique jet structure, with fixed values of R0 and Γ, defined in
the main text. For a given viewing angle θ, we write the rest frame photon
spectrum as

N(E, θ, t) = N0(θ, t) f (E/E0(θ, t)), (D.2)

where we included the time dependency only in the normalization, as-
suming that there is not a strong spectral evolution during the GRB pulse.
f (E/E0(θ)) is the spectral shape and it is assumed to be a smoothly broken
power law, whose spectral slopes are assumed to be angle independent. f
is normalized in such a way that f (1) = 1. E0(θ, t) is the peak energy and
we express it as

E0(θ, t) = E0(θ, t = tp)PE(t/tp, θ), (D.3)

where tp is the peak time of the pulse and P(t/tpθ) describes the temporal
profile, in principle angle-dependent. Analogously, we express the time
behaviour of the photon spectrum normalization as:

N0(θ, t) = Np
0 (θ)PN(t/tp, θ). (D.4)

1reliable parameters can be taken from Ghirlanda et al., 2016b
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In both cases, we approximate the temporal profiles of peak energy and
normalization as

PX(t) =

{
t/tp 0 < t < tp

(t/tp)−αX(θ) t > tp
X = E, N. (D.5)

At the peak time we write the photon spectrum as

Np(E, θ) = Np
0 (θ) f (E/E0(θ)). (D.6)

We define also

RE(θ) = E0(θ)/E0(θ = 0) = E0(θ)/Ê0 (D.7)

and

RF(θ) =
Np(θ)|E=E0(θ)

N̂p|E=Ê0

. (D.8)

The functions αE(θ), αN(θ), RE(θ) and RF(θ) are computed numerically
using the structured jet model. Hereafter the notation x̂ indicates that the
quantity x is evaluated at viewing angle θ = 0. In the observer frame, the
peak photon spectrum is:

Np(E, θ) = (1 + z)2Np
0 (θ) f

(
1

RE

(1 + z)E
Ê0

)
(D.9)

and using eq. D.8

Np(E, θ) = (1 + z)2N̂p
0 RF f

(
1

RE

(1 + z)E
Ê0

)
. (D.10)

The value of N̂p
0 is derived from the rest frame on-axis isotropic energy

Êiso = Et/(1 − cos θc), where Et is extracted from the assumed probability
distribution defined in the main text. In the specific,

Êiso = 4πD2
L

∫
dt
∫ 104 keV

1 keV
Fν(t)dE, (D.11)

where DL is the luminosity distance and Fν is the flux density. Using eq. D.6:

Êiso = 4πD2
L

∫
dtN̂0(t)Ê2

0(t)
∫ 104 keV/Ê0(t)

1 keV/Ê0(t)
x f (x)dx, (D.12)
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which can be written as

Êiso = 4πD2
LN̂p

0

∫
P̂N(t/tp)Ê2

0(t)IE(t)dt, (D.13)

where IE(t) =
∫ 104 keV/Ê0(t)

1 keV/Ê0(t)
x f (x)dx.

This procedure allows us to write N̂p
0 in terms of known quantities,

namely

N̂p
0 =

Êiso

4πD2
L
∫

P̂N(t/tp)Ê2
0(t)IE(t)dt

. (D.14)

Once N̂p
0 is determined, the peak photon flux integrated in the energy band

of a given instrument is

Fp(θ) =
∫ (1+z)E2

(1+z)E1

Np(E, θ)dE (D.15)

= (1 + z)N̂p
0 RF(REÊ0)

∫ (1+z)E2/RE Ê0

(1+z)E1/RE Ê0

f (x)dx. (D.16)

The duration of the burst t90 is computed imposing that the 10-1000 keV
fluence accumulated up to t90 is 90% of the total fluence, namely

∫ t90

0
dt
∫ (1+z)104 keV

(1+z) keV
EN(E, θ, t)dE (D.17)

= 90%
∫ ∞

0
dt
∫ (1+z)104 keV/

(1+z) keV
EN(E, θ, t)dE. (D.18)

For computational reasons, the last integral in time is performed up to a
time tmax, which is the maximum time for which the γ-ray emission is still
detectable by the instrument. Finally the isotropic luminosity is defined as
Eiso/t90.

D.4 Detection efficiency for different neutron-
star mass distribution

In Fig. D.1 we show the detection efficiency (detected signals over injected
ones) of ET as a function of redshift for a Gaussian mass distribution as
observed in Galactic double neutron-star systems in radio (Özel and Freire,
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FIGURE D.1: Detection efficiency of ET as a function of redshift assuming a Gaus-
sian distribution (⟨M⟩ = 1.33M⊙, σM = 0.1M⊙) and a uniform distribution
(M ∈ [1.0 − 2.5]M⊙). Only cases with θv < 15◦ are considered. A duty cycle
of 0.85 has been assumed for the GW detectors as described in the text. The ratio
between the orange bars and the blue bars corresponds to the function ϕ(z) de-
fined in the text.

2016) and a uniform distribution of NS mass consistent with gravitational
waves observations (The LIGO Scientific Collaboration et al., 2021b). For
the Gaussian distribution we fixed the mean value to ⟨M⟩ = 1.33M⊙ and
the standard deviation to σm = 0.1M⊙. The detection efficiency obtained
with the two distributions is consistent up to a redshift equal to 0.5, and
then the Gaussian distribution leads to a lower number of GW detections
accountable by the fact that the GW signal amplitude scales with the mass.

In order to evaluate the impact on joint detections, we estimate, as ex-
ample, the loss of joint GW+γ-rays detections with ET+Fermi-GBM. We as-
sume the probability of having a joint detection as

PJD(z) = PEM(z)PGW(z),

where PEM(z) is the probability of detecting the EM counterpart, and
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PGW(z) the probability of detecting the associated GW signal. Each proba-
bility corresponds to the ratio between the number of detected and injected
sources.

Pi(z) =
Ndet,i(z)
Ninj(z)

, i = GW, EM.

The assumption of NS mass distribution only affects PGW(z), since we spec-
ified in the main text that we neglect any dependence on the NS mass for
the formation of a jet. We call PGW, f lat(z) and PGW,Gauss(z) the GW detection
efficiency for flat and Gaussian distributions, respectively. The variation on
the rate of joint detections can be computed as

dNJD,Gauss

dz
(z) =

dNinj(z)
dz

PJD,Gauss(z) =

= ϕ(z)
dNinj(z)

dz
PEM(z)PGW, f lat(z) = ϕ(z)

NJD, f lat

dz
,

where we wrote PGW,Gauss(z) = ϕ(z)PGW, f lat(z). The total variation, inte-
grated in redshift, is

NJD,Gauss =
∫

ϕ(z)
NJD, f lat

dz
dz.

In Fig.D.1 the function ϕ(z) corresponds to the ratio between the two his-
tograms. Finally, knowing the function ϕ(z) and the redshift distribution of
joint detections, we derive the variation in joint detection rate for a Gaus-
sian mass distribution. We obtain that the joint GW+γ-rays detections with
ET+Fermi-GBM decreases of a factor ∼ 27% (from 33/yr to 24/yr), assum-
ing a Gaussian mass distribution.





245

Bibliography

Abbott, B. et al. (June 2008). “Astrophysically triggered searches for gravi-
tational waves: status and prospects”. In: Classical and Quantum Gravity
25.11, 114051, p. 114051. DOI: 10.1088/0264-9381/25/11/114051. arXiv:
0802.4320 [gr-qc].

Abbott, B. P. et al. (Feb. 2016). “Observation of Gravitational Waves from a
Binary Black Hole Merger”. In: 116.6, 061102, p. 061102. DOI: 10.1103/
PhysRevLett.116.061102. arXiv: 1602.03837 [gr-qc].

Abbott, B. P. et al. (Feb. 2017a). “Exploring the sensitivity of next generation
gravitational wave detectors”. In: Classical and Quantum Gravity 34.4,
044001, p. 044001. DOI: 10.1088/1361-6382/aa51f4. arXiv: 1607.08697
[astro-ph.IM].

Abbott, B. P. et al. (Oct. 2017b). “Gravitational Waves and Gamma-Rays
from a Binary Neutron Star Merger: GW170817 and GRB 170817A”. In:
848, L13, p. L13. DOI: 10.3847/2041-8213/aa920c. arXiv: 1710.05834
[astro-ph.HE].

— (Oct. 2017c). “GW170817: Observation of Gravitational Waves from a
Binary Neutron Star Inspiral”. In: Physical Review Letters 119.16, 161101,
p. 161101. DOI: 10.1103/PhysRevLett.119.161101. arXiv: 1710.05832
[gr-qc].

— (Oct. 2017d). “Multi-messenger Observations of a Binary Neutron Star
Merger”. In: 848, L12, p. L12. DOI: 10.3847/2041-8213/aa91c9. arXiv:
1710.05833 [astro-ph.HE].

Abbott, B. P. et al. (June 2017e). “Search for Gravitational Waves Associated
with Gamma-Ray Bursts during the First Advanced LIGO Observing
Run and Implications for the Origin of GRB 150906B”. In: 841.2, 89, p. 89.
DOI: 10.3847/1538-4357/aa6c47. arXiv: 1611.07947 [astro-ph.HE].

Abbott, B. P. et al. (Nov. 2019). “Search for Gravitational-wave Signals As-
sociated with Gamma-Ray Bursts during the Second Observing Run of
Advanced LIGO and Advanced Virgo”. In: 886.1, 75, p. 75. DOI: 10 .
3847/1538-4357/ab4b48. arXiv: 1907.01443 [astro-ph.HE].

Abbott, B. P. et al. (Sept. 2020a). “Prospects for observing and localizing
gravitational-wave transients with Advanced LIGO, Advanced Virgo

https://doi.org/10.1088/0264-9381/25/11/114051
https://arxiv.org/abs/0802.4320
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://arxiv.org/abs/1602.03837
https://doi.org/10.1088/1361-6382/aa51f4
https://arxiv.org/abs/1607.08697
https://arxiv.org/abs/1607.08697
https://doi.org/10.3847/2041-8213/aa920c
https://arxiv.org/abs/1710.05834
https://arxiv.org/abs/1710.05834
https://doi.org/10.1103/PhysRevLett.119.161101
https://arxiv.org/abs/1710.05832
https://arxiv.org/abs/1710.05832
https://doi.org/10.3847/2041-8213/aa91c9
https://arxiv.org/abs/1710.05833
https://doi.org/10.3847/1538-4357/aa6c47
https://arxiv.org/abs/1611.07947
https://doi.org/10.3847/1538-4357/ab4b48
https://doi.org/10.3847/1538-4357/ab4b48
https://arxiv.org/abs/1907.01443


246 Bibliography

and KAGRA”. In: Living Reviews in Relativity 23.1, 3, p. 3. DOI: 10.1007/
s41114-020-00026-9.

Abbott, B. P. et al. (Sept. 2020b). “Prospects for observing and localizing
gravitational-wave transients with Advanced LIGO, Advanced Virgo
and KAGRA”. In: Living Reviews in Relativity 23.1, 3, p. 3. DOI: 10.1007/
s41114-020-00026-9.

Abbott, R. et al. (Apr. 2021a). “GWTC-2: Compact Binary Coalescences Ob-
served by LIGO and Virgo during the First Half of the Third Observ-
ing Run”. In: Physical Review X 11.2, 021053, p. 021053. DOI: 10.1103/
PhysRevX.11.021053. arXiv: 2010.14527 [gr-qc].

Abbott, R. et al. (May 2021b). “Population Properties of Compact Objects
from the Second LIGO-Virgo Gravitational-Wave Transient Catalog”. In:
913.1, L7, p. L7. DOI: 10.3847/2041-8213/abe949. arXiv: 2010.14533
[astro-ph.HE].

Abbott, R. et al. (July 2021c). “Search for Gravitational Waves Associated
with Gamma-Ray Bursts Detected by Fermi and Swift during the LIGO-
Virgo Run O3a”. In: 915.2, 86, p. 86. DOI: 10.3847/1538-4357/abee15.
arXiv: 2010.14550 [astro-ph.HE].

Abbott, R. et al. (Apr. 2022a). “Search for Gravitational Waves Associated
with Gamma-Ray Bursts Detected by Fermi and Swift during the LIGO-
Virgo Run O3b”. In: 928.2, 186, p. 186. DOI: 10.3847/1538-4357/ac532b.
arXiv: 2111.03608 [astro-ph.HE].

— (Apr. 2022b). “Search for Gravitational Waves Associated with Gamma-
Ray Bursts Detected by Fermi and Swift during the LIGO-Virgo Run
O3b”. In: 928.2, 186, p. 186. DOI: 10.3847/1538-4357/ac532b. arXiv:
2111.03608 [astro-ph.HE].

Abdalla, H. et al. (Nov. 2019). “A very-high-energy component deep in the
γ-ray burst afterglow”. In: 575.7783, pp. 464–467. DOI: 10.1038/s41586-
019-1743-9. arXiv: 1911.08961 [astro-ph.HE].

Abdo, A. A. et al. (Nov. 2009). “Fermi Observations of GRB 090902B: A
Distinct Spectral Component in the Prompt and Delayed Emission”. In:
706.1, pp. L138–L144. DOI: 10.1088/0004- 637X/706/1/L138. arXiv:
0909.2470 [astro-ph.HE].

Acciari, V. A. et al. (Feb. 2021). “MAGIC Observations of the Nearby Short
Gamma-Ray Burst GRB 160821B”. In: 908.1, 90, p. 90. DOI: 10.3847/
1538-4357/abd249. arXiv: 2012.07193 [astro-ph.HE].

Acernese, F. et al. (Jan. 2015). “Advanced Virgo: a second-generation inter-
ferometric gravitational wave detector”. In: Classical and Quantum Grav-
ity 32.2, 024001, p. 024001. DOI: 10.1088/0264- 9381/32/2/024001.
arXiv: 1408.3978 [gr-qc].

https://doi.org/10.1007/s41114-020-00026-9
https://doi.org/10.1007/s41114-020-00026-9
https://doi.org/10.1007/s41114-020-00026-9
https://doi.org/10.1007/s41114-020-00026-9
https://doi.org/10.1103/PhysRevX.11.021053
https://doi.org/10.1103/PhysRevX.11.021053
https://arxiv.org/abs/2010.14527
https://doi.org/10.3847/2041-8213/abe949
https://arxiv.org/abs/2010.14533
https://arxiv.org/abs/2010.14533
https://doi.org/10.3847/1538-4357/abee15
https://arxiv.org/abs/2010.14550
https://doi.org/10.3847/1538-4357/ac532b
https://arxiv.org/abs/2111.03608
https://doi.org/10.3847/1538-4357/ac532b
https://arxiv.org/abs/2111.03608
https://doi.org/10.1038/s41586-019-1743-9
https://doi.org/10.1038/s41586-019-1743-9
https://arxiv.org/abs/1911.08961
https://doi.org/10.1088/0004-637X/706/1/L138
https://arxiv.org/abs/0909.2470
https://doi.org/10.3847/1538-4357/abd249
https://doi.org/10.3847/1538-4357/abd249
https://arxiv.org/abs/2012.07193
https://doi.org/10.1088/0264-9381/32/2/024001
https://arxiv.org/abs/1408.3978


Bibliography 247

Ackley, K. et al. (Nov. 2020). “Neutron Star Extreme Matter Observatory:
A kilohertz-band gravitational-wave detector in the global network”.
In: 37, e047, e047. DOI: 10 . 1017 / pasa . 2020 . 39. arXiv: 2007 . 03128
[astro-ph.HE].

Aharonian, F. A. et al. (Mar. 1997). “The potential of ground based arrays of
imaging atmospheric Cherenkov telescopes. I. Determination of shower
parameters”. In: Astroparticle Physics 6.3-4, pp. 343–368. DOI: 10.1016/
S0927-6505(96)00069-2.

Ajello, M. et al. (June 2019). “A Decade of Gamma-Ray Bursts Observed by
Fermi-LAT: The Second GRB Catalog”. In: 878.1, 52, p. 52. DOI: 10.3847/
1538-4357/ab1d4e. arXiv: 1906.11403 [astro-ph.HE].
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