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ABSTRACT

The aim of my thesis is the study of gamma-ray bursts (GRBs), powerful, short-lived events
produced at cosmological distances by catastrophic phenomena, such as the collapse of a
massive star or the coalescence of two compact objects. Since their discovery, GRBs and their
following afterglow emission have been routinely scrutinised with observations across the
whole electromagnetic spectrum, from radio to gamma-rays, up to TeV energies. Yet, many
questions remain unanswered: what mechanism causes the prompt gamma-ray emission?
What drives the extreme variability observed in GRB light curves? Can the nature of the GRB
progenitor system be inferred from the temporal profile of the prompt emission?

In my PhD research, I studied the temporal properties of the GRB prompt emission. To this
end, I used the Multiple Excess Pattern Search Algorithm (MEPSA) to identify and charac-
terise the temporal variability of GRB light curves. The use of this algorithm led to several
dedicated studies:

(i) investigation of the presence of self-organised criticality (SOC) in the GRB prompt emis-
sion;

(ii) identification of two variability components in GRB time profiles and the investigation
of their origin in theoretical models and numerical simulations;

(iii) computation of the minimum variability timescale (MVT), a useful indicator of the GRB
progenitor nature;

(iv) discovery of a unique set of temporal properties in a peculiar long GRB originating from
compact object mergers (GRB 230307A), possibly shared by other similar events;

(v) use of stochastic differential equations (SDEs) to model GRB prompt emission as a
stochastic process;

(vi) exploration of entropy metrics to characterise the dynamics of the prompt emission and
assess its stochastic versus deterministic nature.

The first four points have led to scientific publications in peer-reviewed journals. The goal
of the first study was to provide a precise description of the GRB dynamics and to constrain
the way the central engine releases its energy over time. In the second study, we established
that there are two different dynamics in GRB light curves, which could have strong impli-
cations on the possible interpretations. The last two works provide ways to identify events
associated with compact object mergers, which are among the strongest sources of gravita-
tional waves detected so far, directly from their early gamma-ray time profiles. The peculiar
features identified in our last work, especially the observed pulse width increase, challenge
the commonly accepted picture of the internal shocks model in which no variation of this
timescale is expected. Along with the estimate of the MVT, they also offer new methods for
identifying events from compact object mergers along with a constraining set of properties for
the theoretical models, a development of particular relevance at the dawn of multi-messenger
astronomy.

ii
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The last two points correspond to ongoing projects that require additional development.
They aim to provide a more comprehensive characterisation of the complex dynamics govern-
ing the prompt emission and to assess whether its variability is stochastic or deterministic in
nature.

RIASSUNTO

L’obiettivo della mia tesi & stato lo studio dei lampi di raggi gamma (GRB), eventi potenti e
di breve durata prodotti a distanze cosmologiche da fenomeni catastrofici, come il collasso
di una stella massiccia o la coalescenza di due oggetti compatti. Fin dalla loro scoperta, i
GRB e la loro successiva emissione di afterglow sono stati sistematicamente osservati attra-
verso l'intero spettro elettromagnetico, dalle onde radio ai raggi gamma, fino alle energie del
TeV. Tuttavia, molte domande rimangono ancora senza risposta: quale meccanismo genera
I’emissione prompt in raggi gamma? Cosa determina l'estrema variabilita osservata nelle cur-
ve di luce dei GRB? E possibile identificare la natura del sistema progenitore di un GRB a
partire dal profilo temporale della sua emissione prompt?

Nel mio lavoro di dottorato mi sono concentrato in particolare sullo studio delle proprieta
temporali dell’emissione prompt dei GRB. A questo scopo, ho utilizzato 1’algoritmo Multiple
Excess Pattern Search Algorithm (MEPSA) per identificare e caratterizzare la variabilita tem-
porale nelle curve di luce dei GRB. L'utilizzo di questo algoritmo ha portato a diversi studi
specifici:

(i) l'indagine della presenza di criticita auto-organizzata, in inglese “self-organised critica-
lity” (SOC), nell’emissione prompt dei GRB;

(ii) l'identificazione di due componenti di variabilita nei profili temporali dei GRB e lo
studio della loro origine in modelli teorici e simulazioni numeriche;

(iii) il calcolo della variabilita temporale minima (MVT, dall’inglese “minimum variability
timescale”), un indicatore utile per la natura del progenitore del GRB;

(iv) la scoperta di un insieme unico di proprieta temporali in un particolare GRB lungo,
originato dalla coalescenza di due oggetti compatti (GRB 230307A), probabilmente con-
diviso anche da altri eventi simili;

(v) l'uso di equazioni differenziali stocastiche (SDE) per modellare I’emissione prompt dei
GRB come un processo stocastico;

(vi) I'esplorazione di metriche entropiche per caratterizzare la dinamica dell’emissione prompt
e valutarne la natura stocastica o deterministica.
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I primi quattro punti hanno portato a pubblicazioni scientifiche su riviste con revisione
tra pari. Lo scopo del primo studio e stato quello di fornire una descrizione precisa della
dinamica dei GRB e vincolare il modo in cui il motore centrale rilascia energia nel tempo.
Nel secondo studio abbiamo stabilito 1’esistenza di due diverse dinamiche nelle curve di luce
dei GRB, con importanti implicazioni per i modelli teorici. Gli ultimi due lavori propongo-
no nuovi metodi per identificare gli eventi associati alle fusioni di oggetti compatti — tra
le sorgenti pit1 potenti di onde gravitazionali finora rilevate — direttamente dai loro profili
temporali in raggi gamma. Le caratteristiche peculiari identificate nel nostro ultimo lavoro,
mettono in discussione il modello comunemente accettato degli urti interni, secondo il quale
non ci si aspetta alcuna variazione delle scale temporali osservate nella curva di luce. Insieme
alla stima della MVT, essi offrono nuovi strumenti per riconoscere gli eventi prodotti da coa-
lescenze di oggetti compatti e una serie di vincoli stringenti per i modelli teorici che cercano
di spiegarli, un risultato di particolare rilevanza nell’alba dell’astronomia multi-messaggera.

Gli ultimi due punti sono progetti in corso che richiedono ancora ulteriore lavoro. Il loro
obiettivo ¢ migliorare la caratterizzazione della complessa dinamica alla base dell’emissione
prompt e determinare se il suo comportamento sia di natura stocastica o deterministica.
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GAMMA-RAY BURSTS: SO MUCH PHYSICS IN SUCH LITTLE TIME

More than half a century after their discovery, gamma-ray bursts (GRBs) remain at the fore-
front of high-energy astrophysics. Their extreme luminosities make them the most violent
explosions since the Big Bang and exquisite laboratories for relativistic physics and particle
acceleration.

Despite decades of study and increasingly sophisticated instrumentation, many aspects
of GRB physics remain uncertain, including the plausible progenitors and central engines,
energy dissipation mechanism(s), jet composition, high-energy radiative processes, etc.

Beyond their intrinsic astrophysical richness, GRBs have become indispensable pillars of
multi-messenger astronomy. Long GRBs (LGRBs) trace the collapse of massive stars, linking
high-energy transients to stellar evolution, core-collapse supernovae (SNe), and chemical en-
richment. Short GRBs (SGRBs), in contrast, directly probe the population of compact binary
mergers, which are the very same systems that also produce gravitational waves (GWs). The
seminal association of GW170817 with a SGRB demonstrated that GRBs are unique electro-
magnetic beacons of the GW sky, providing arcsecond localisation, redshift measurement, and
detailed insight into jet formation and structure.

The observation of GRBs at very high energies further complements neutrino and cosmic-
ray observatories by probing Lorentz invariance, cosmic-ray acceleration, and leptonic/hadronic
processes in regimes inaccessible on Earth.

As we enter the multi-messenger era, with third-generation GW detectors that will detect
thousands of compact object merger (COM) up to z = 10, GRBs will become even more central
as they will provide electromagnetic counterparts to these sources, enabling for instance pre-
cise cosmology with standard sirens. Their cosmological reach extends the multi-messenger
frontier to redshifts z > 8, making them the primary tool to probe the first generation of stars
(Pop I1I).

1.1 HISTORICAL BACKGROUND

Discovered by chance in the 1970s, no astrophysical sources somehow resembled GRBs. Their
emission was remarkably different from the transient phenomena known at the time, such
as SNe, flaring stars or periodic emission from pulsars, being both much shorter in duration
and far more powerful. They thus formed a peculiar new class of transient events, with an
unknown origin. Their compressed timescales implied a compact source and an irreversible
evolution associated with a catastrophic phenomenon. However, their origin remained un-
known until improved localisation capabilities finally allowed to measure their distance.

1.1.1  Discovery of gamma-ray bursts

GRBs were discovered by chance on July 2, 1967, by the American Vela satellites. These satel-
lites were designed to detect gamma-ray radiation produced by nuclear tests in the atmo-
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GAMMA-RAY BURSTS: SO MUCH PHYSICS IN SUCH LITTLE TIME

sphere. A few years earlier, the principal nuclear powers—Great Britain, the United States,
and the USSR—had signed the Partial Test Ban Treaty on October 10, 1963.

Following this agreement, the Vela * satellites were launched between October 1963 (Vela 1A
& Vela 1B) and April 1970 (Vela 6A & Vela 6B) to monitor compliance with the agreement. On
July 2, 1967, the satellites detected an unexpected gamma-ray signal that was clearly different
from the signature of a nuclear explosion. Only seven years later, in 1973, the first paper on
their discovery was published (Klebesadel, Strong, and Olson, 1973).

Figure 1: (Left) The Vela 5A/B pair in the clean room (Reproduced courtesy of NASA/Vela Project).
(Right) President John F. Kennedy signing the Nuclear Test Ban Treaty on October 7, 1963.

Over time, the Vela satellites detected 16 additional bursts. By analysing the differences in
arrival times across the various satellites, a rough estimate of the localisation (within a few
degrees) was possible. This localisation was sufficient to establish that they did not originate
from the Earth’s atmosphere or the Sun, but from a cosmic source.

Between 1969 and 1979, the Vela satellites discovered a total of 73 GRBs. Remarkably, the
very first detected burst, GRB 670702, already exhibited the main characteristics of the GRB
population observed today: a duration of approximately 10 seconds, a temporal sub-structure
composed of two emission episodes, and a peak energy around 1 MeV (Klebesadel, Strong,
and Olson, 1973).

The name Vela comes from the Spanish verb velar, which means to watch.
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1.1 HISTORICAL BACKGROUND

1.1.2 The distance controversy

As other GRBs were discovered, the question of their origin became crucial. However, without
knowledge of the distance, the question remained unsolved for many years. Several satellites,
including BATSE, obtained a distribution of burst positions that appeared isotropic. A very
lively debate about the distance scale of gamma-ray bursters persisted until an optical coun-
terpart was found by the BeppoSAX satellite (Sect. 1.1.3), tipping the balance towards an
extragalactic origin. Two main hypotheses were proposed:

* (i) GRBs are produced at cosmological distances (e.g. Paczynski 1986; Paczynski 1991);

¢ (ii) GRBs are galactic, either located within a thick disc of the Milky Way (Colgate and
Li, 1998), in a surrounding galactic halo (Mao and Paczynski, 1992), or possibly in an
extended galactic "corona" (Lamb, 1995).

The leading advocates of these competing views were Bohdan Paczynski and Don Lamb. The
cosmological model implied an isotropic sky distribution and required GRBs to be among the
most luminous phenomena ever observed. In contrast, the galactic model struggled to explain
the observed isotropy, though some argued that neutron stars (NSs) with high kick velocities
could escape the Milky Way and populate a spherical galactic corona. Since the first soft
gamma repeater (SGR) was detected in March 1979 (Mazets et al., 1979), it has been known
that NSs could emit short bursts of gamma rays, resembling GRBs. We now understand that
the 1979 event was in fact a magnetar giant flare, not a typical GRB.

THE MILKY WAY
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Figure 2: Sketch of one galactic GRB model supported by D. Lamb, in which rapidly orbiting NSs can
escape the Milky way to reach a galactic corona. From Lamb (1995).
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1.1.3 The BATSE and BeppoSax era: resolving the distance debate

BATSE (Burst and Transient Source Experiment, Fishman et al. 1994), on board the Comp-
ton Gamma-ray Observatory (CGRO, Gehrels et al. 1993), was launched on April 5, 1991. It
consisted of eight completely open Nal(Tl) Large Area Detectors (LADs) at the corners of
the spacecraft, each sensitive in the 30 keV-2 MeV energy range. For each LAD, there was a
smaller spectroscopy detector (SD) with a large detection area, with a great energy resolution
and a wide energy range (10 keV-11 MeV).

BATSE confirmed that GRBs were isotropically distributed all over the sky (Meegan et al.
1992, Fig. 3), discovered the bi-modality of the duration (Teo) distribution (Kouveliotou et al.
1993, Fig. 27), and identified the spectral distribution of the prompt emission (Band et al. 1993,
Fig. 24) described by a smooth broken power law (the Band function; Sect. 1.6.1). In spite of
these significant discoveries, the debate regarding the distance scale remained unsettled.

2704 BATSE Gamma-Ray Bursts
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Figure 3: Open sky distribution in galactic coordinates of 2704 GRBs detected with the BATSE experi-
ment aboard the Compton Gamma Ray Observatory satellite.

The resolution of the mystery of GRB distance came with the Italian-Dutch satellite SAX
(Satellite per 1’Astronomia X), renamed BeppoSAX (Boella et al., 1997a) after the successful
launch on April 30, 1996, in honour of the Italian scientist Giuseppe Occhialini. The unique
design of this satellite allowed for the discovery of the X-ray afterglow (Costa et al., 1997a) and
enabled the first-ever detection of the optical counterpart of a GRB. BeppoSAX was equipped
with a set of Narrow Field Instruments (NFIs) covering the energy range from 0.1 to 300 keV:
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¢ LECs (Low Energy Concentration Spectrometer, Parmar et al. 1997), from 0.1 to 10 keV.

¢ MECs (Medium Energy Concentration Spectrometer, Boella et al. 1997b), from 1.3 to 10
keV.

e HPGSPC (collimated High Pressure Scintillation Proportional Counter, Manzo et al.
1997), from 4 to 120 keV.

¢ PDS (Collimated Phoswich Detection System, Frontera et al. 1997) 15-300 keV.

Perpendicular to the NFIs were two Wide Field Cameras (WFCs, Jager et al. 1997), each cov-
ering a large portion of the sky (20° x 20°) with an angular resolution of about 5 arcminutes.
Additionally, the mission team repurposed the four anti-coincidence shields of the PDS as a
Gamma-Ray Burst Monitor (GRBM, Frontera et al. 1997), sensitive from 40 to 700 keV. This
add-on proved crucial, as two of the shields were aligned with the WFC axes, allowing simul-
taneous detection of GRBs in both X and gamma rays.

BeppoSAX enabled the first GRB afterglow discovery with GRB 970228 (Costa et al., 1997a).
This event was identified by GRBM and localised by one of the WFCs within 5 arcmin. Eight
hours later, the NFIs pointed to the burst localisation and were able to follow its fading
evolution (Fig. 5).

The Dutch group led by Van Paradijs used the William Herschel and the Isaac Newton
telescope to make two observations on 28 Feb 1997, and on 8 March and observed the fading
source (van Paradijs et al., 1997).

The first measurement of a GRB distance came a few months later, with GRB 970508 (Costa
et al., 1997b; Heise et al., 1997). On May 8, 1997, a GRB was detected by the GRBM and lo-
calised by one of the WFCs within 5 arcmin. Six hours later, the NFIs performed the X-ray
follow up and saw a fading source. An optical source was detected by Keck-II telescope on
11 May. Several absorption lines were observed, from two locations, one situated at z = 0.767,
and one at z = 0.835 (Metzger et al., 1997). Few weeks later, after the optical transient had
faded, some absorption lines from a more extended region, containing the position of the
point-like object, were detected: they were emitted by the galaxy that hosted the GRB. The
problem of the distance was settled: at least one GRB came from a remote galaxy. This mea-
surement further provided the first scale of the energy released by a GRB. With the observed
flux, an energy of about 6 x 10°! erg was estimated.

1.1.4  The Swift revolution: early afterglow follow-up

Swift (Gehrels et al., 2004), launched in November 20, 2004, has been monitoring the X- and
y-ray sky for over 20 years. Thanks to its X-ray (XRT, Burrows et al. 2005) and optical (UVOT;
Roming et al. 2005) instruments, Swift was able to perform rapid slewing and follow-up ob-
servations in both X and optical wavelengths, as fast as T — 2 minutes right after the prompt
trigger. This capability made it possible to promptly localise GRBs and monitor the X-ray
afterglow of many events with unprecedented detail. This made Swift/XRT the ideal instru-
ment to study the transition between prompt and afterglow emission. Swift discovered many
features of the early afterglow. The canonical behaviour of the X-ray afterglow, as revealed by
Swift, is shown in Fig. 6.
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Figure 4: Final configuration of the BeppoSAX payload. The GRBM, shown in red as part of the PDS
instrument, consists of four independent slabs of 1 cm thick CsI(Na) scintillators. These were
originally designed as active anticoincidence shields for the four phoswich detection units.
Notably, two of the GRBM slabs were aligned with the axes of the two Wide Field Cameras
(WECs). Reproduced from Frontera (2024).

In particular, an unexpected shallow phase (also called plateau phase), following the steep
decay emission, was observed. Because of its slow decay implying a late activity of the central
engine, this phase challenged the existing GRB emission picture. Several models tried to
explain this phase:

¢ continuous energy injection (Fan and Piran, 2006; Ghisellini et al., 2007; Granot and
Kumar, 2006; Stratta et al., 2018; Zhang et al., 2006);

¢ reverse-shock emission (Genet, Daigne, and Mochkovitch, 2007; Hascoét, Daigne, and
Mochkovitch, 2014; Uhm and Beloborodov, 2007);

¢ re-brightening caused by inhomogeneities in the medium (Toma et al., 2006);

¢ high-latitude emission from structured jets (Ascenzi et al., 2020; Beniamini et al., 2020;
Oganesyan et al., 2020);
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1°54'00"

Figure 5: X-ray images of GRB 970228 captured by the MECS telescopes at two different times. The
left image corresponds to the observation taken 8 to 16 hours after the burst; the right image
shows the same region 3.5 days later. Between the two observations, the X-ray source faded
by a factor of 20. Reprinted from Frontera (2024).

¢ echo from dust scattering of the X-ray prompt emission (Shao, Dai, and Mirabal, 2008);

¢ forward shock emission from relativistic ejecta in the coasting phase as they sweep up
a wind-like medium (Dereli-Bégué et al., 2022; Shen and Matzner, 2012);

e prior activity models (Guidorzi et al., 2025; Ioka et al., 2006; Yamazaki, 2009).

The plateau phase raises an important issue for GRB emission models predicting very high
efficiency, which is unaccounted for by these models (internal shocks can barely produce 10%
efficiency (Sect. 1.5.2), and magnetic-reconnection based models do not exceed 50 %).
Short-timescale variability, known as X-ray flares, was observed during the afterglow (com-
ponent V in Fig. 6) . The origin of the X-ray flares is strongly debated: on the one hand, X-ray
flares show similar properties as GRB prompt emission pulses: as GRB pulses, the flares are
asymmetric and their widths decrease with energy according to w o E~%5 (Chincarini et
al., 2010). Moreover, flares in LGRBs are consistent with the LGRB lag-luminosity relation
(Margutti et al., 2010a) and share similar waiting time (WT) distributions, which could be the
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Figure 6: The early X-ray afterglow is featured by an early steep decay (phase I), sometimes followed
by a shallow phase (« ~ —+; called the plateau phase), followed by a normal decaying phase
(o« ~ —T1). This phase is sometimes followed by a jet break (phase IV). On top of this smooth
decline, fast variability, in the form of X-ray flares (V), can be present during phase II.

result of a common stochastic process (see Guidorzi et al. 2015 and Sect 1.8.2). However, there
is a fundamental difference in flares and prompt pulses properties: flare properties evolve
with time, with flares getting broader and softer at late times (Chincarini et al., 2010). Lazzati
and Perna (2007) however showed that flares produced by external shocks would evolve on
much longer timescales than observed, arguing for late central engine activity.

1.1.5 Fermi to monitor the high-energy sky

The Fermi Gamma-ray Space Telescope is an international and multi-agency space mission
that monitors the gamma-ray sky, from 10 keV up to 300 GeV>. The satellite, launched on
11 June 2008 and originally called Gamma-ray Large Area Space Telescope (GLAST), was
soon renamed after Enrico Fermi. Its payload consists of two scientific instruments, a pair-
production telescope known as the Large Area Telescope (LAT, Atwood et al. 2009) sensitive
from 20 MeV up to 300 GeV and a scintillation-based detector known as Gamma-Ray Burst
Monitor (GBM, Meegan et al. 2009), sensitive from 10 keV to 30 MeV. In this way, the combina-
tion of GBM and LAT provides burst spectra over seven decades in energy. The GBM consists
of 12 thallium activated sodium iodide (Nal(T1)) scintillation detectors sensitive from 10 keV
to 1000 keV, and two bismuth germanate (BGO) scintillation detectors sensitive from 150 keV

2 https://fermi.gsfc.nasa.gov/
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to 30 MeV. Fermi/GBM provides a rich catalogue of GRBs containing spectral, temporal, and
location data (von Kienlin et al., 2014, 2020).

Fermi/LAT extended GRB detection to high energies from ~ 30 MeV to 100 MeV with LAT
Low Energy (LLE; Pelassa et al. 2010) technique and from 100 MeV to 300 GeV with standard
LAT technique. LAT observations allow the characterisation of the high-energy component of
GRB prompt emission, revealing in particular that GRB emission above 100 MeV

* (i) requires an additional power law (PL) component to accurately model the GRB spec-
tra;

e (ii) is delayed by a few seconds with respect to the lower energy emission;
e (iii) lasts significantly longer;
* (iv) has a flux that generally decays as a PL, with F oc t~% where o ~ 1.

LAT observations at high energies impose constraints on the bulk Lorentz factor, which must
be large for the fireball to be transparent to high-energy photons (e.g. Granot, Cohen-Tanugi,
and Silva 2008; Hascoét et al. 2012), probe Lorentz invariance of the speed of light (Abdo
et al.,, 2009a), and put constraints on the intergalactic magnetic field (notably through the
observation of a 400 GeV photon from GRB221009A, Xia et al. 2024). Fermi/LAT enabled the
detection of several GRBs emitting at GeV energies such as GRBs 080916C (Abdo et al., 2009b),
090510 (Ackermann et al., 2010), 130427A (Ackermann et al., 2014), 221009A (Axelsson et al.,
2025), with photons detected up to 95 GeV for GRB 130427A (Ackermann et al., 2014) and 400
GeV for GRB 221009A (Xia et al., 2024).

Additionally, LAT observations make it possible to probe the radiative processes involved
in GRB emission. Synchrotron emission from relativistic electrons can hardly explain the ob-
served high-energy photons. Synchrotron-self Compton (SSC), Inverse Compton (IC), and
hadronic models, are promising candidates to explain the observations of photons at these
energies. However, the delay of a few seconds between low and high energy components
can hardly be accounted for by SSC, while hadronic models (proton synchrotron or cascades)
require more energy stored in hadrons than in leptons, which is challenging for GRBs? (see
discussion in Ajello et al. 2019). Conversely, IC scattering of the prompt MeV radiation stream-
ing through the external blast wave could account for such delays (Beloborodov, Hascoét, and
Vurm, 2014).

The combination of GBM and LAT enables joint time-resolved spectral analysis, combining
GBM, LLE, and LAT data, using multi-mission frameworks such as the Multi Mission maxi-
mum likelihood framework (3ML; Vianello et al. 2015). A systematic joint analysis is under
way (work in progress by A. Holzmann Airasca, D. Depalo, E. Bissaldi). When applied to
GRBs with known redshift, the joint fit can provide better constrained spectral parameters,
such as the peak energy, allowing for refined estimates of cosmological correlations (Aldowma
et al., 2025). The joint use of GBM, LLE, and LAT data has also enabled the measurement of
spectral lags, i.e. the time delay between photons of different energies (Castignani et al., 2014;
Maraventano et al., 2025).

Fermi/LAT opened the way for GRB observations at high energies. At very high energies
(VHE), including the TeV domain, this capability is extended by ground-based facilities such

3 The fireball launched in GRBs must be clean, i.e. contain little baryonic mass and be primarily composed of
photons and electron-positron pairs
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as HESS (Piihlhofer, Leuschner, and Salzmann, 2023), MAGIC (Aleksi¢ et al., 2016), VERI-
TAS (Weekes et al., 2002), and LHAASO (di Sciascio and Lhaaso Collaboration, 2016). These
facilities observed several GRBs at VHE, among them GRB 180720B (Abdalla et al., 2019),
GRB 190829A (H. E. S. S. Collaboration et al., 2021), GRB 190114C (MAGIC Collaboration et
al., 2019a,b), GRB 201216C (Abe et al., 2024), and GRB 221009A (Abe et al., 2025, LHAASO Col-
laboration et al., 2023). VHE observations paved the way for the upcoming CTA (Cherenkov
Telescope Array Consortium et al., 2019) and its optimised sensitivity that will further probe
the high-energy emission mechanisms at play in GRBs, also revealing in turn the GRB jet
structure (Pellouin and Daigne, 2024).

1.1.6  Other important facilities

The Russian satellite Konus-Wind (Aptekar et al., 1995), launched on November 1, 1994,
played a key role in GRB physics. In particular, its broad energy coverage (20 keV-20 MeV)
and high energy resolution enabled accurate measurements of the spectral properties of GRBs,
especially their peak energy E,, allowing us to refine our knowledge about GRB empirical
energy correlations, such as the E, — Ej, or the E, — Lis, correlations (Tsvetkova et al., 2017).

The Hard X-ray Modulation Telescope (HXMT, Zhang et al. 2020), named "Insight", was suc-
cessfully launched as China’s first X-ray astronomy satellite on June 15, 2017. Combined with
the GECAM satellite, the observations by HXMT of the brightest-of-all-time burst GRB 221009A
was key to study the temporal and spectral properties of this unique event (Zhang et al.,
2025a).

1.1.7 Recent and upcoming GRB missions

The French-Chinese Space Variable Objects Monitor (SVOM, Goétz et al. 2009) was recently
launched on 22 June 2024. Its combination of y (GRM, Dong et al. 2010), X-ray (ECLAIR,
Godet et al. 2014 and MXT, Gotz et al. 2023), and optical instruments (VT, Fan et al. 2020)
provides a unique spectral range and enables an on-board automatic follow-up of GRBs (with
optical afterglow obtained after 30 min-1h). SVOM is expected to measure the redshift on
board for about 50% of the GRBs detected with ECLAIR (currently ~ 40%). SVOM has already
enabled the discovery of many GRBs with redshifts, including one at z = 7.3, the fifth most
distant GRB ever observed (Cordier et al., 2025).

The Chinese satellite Einstein Probe (EP, Yuan et al. 2022) was launched on 9 January 2024.
With its two main instruments, the Wide-field X-ray Telescope (WXT, Zhang et al. 2022a,
0.5 —4.0 keV) and the Follow-up X-ray Telescope (FXT, Vernani et al. 2022, 0.5 — 8.0 keV), EP
is currently monitoring the variable X-ray sky. Owing to its detection energy range extending
toward lower energies compared to typical GRB monitors, EP is expected to be sensitive to a
distinct, softer GRB population, including those associated with shock breakouts (SBOs) and
high-redshift GRBs.

The Transient High-Energy Sky and Early Universe Surveyor (THESEUS, Amati et al. 2021)
is a space mission concept submitted to the European Space Agency (ESA) My call for fu-
ture missions and was selected for a Phase A study that will end in mid-2026. THESEUS
combines Swift’s rapid slewing capability and wide field of view with Fermi’s broad energy
coverage and large effective area. Its key advantages include the high sensitivity of the Soft
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X-ray Imager (SXI, O’Brien et al. 2021), the wide energy range and large effective area of the

X-Gamma-ray Imaging Spectrometer (XGIS, Labanti et al. 2021), and the presence of an on-

board Infrared Telescope (IRT, Gotz et al. 2021). This unique suite of instruments will enable

THESEUS to detect high-redshift GRBs and autonomously measure their redshifts on-board.
With these two (hopefully three with THESEUS) instruments, one can expect:

¢ to better understand the population of soft, X-ray rich GRBs and their origins;

¢ to substantially increase the number of GRBs at high redshift, enabling also a better
understanding of the properties of their host galaxies, in particular in the reionisation
period;

* to catch more events associated with COMs and their optical counterparts (kilonovae),
which have become the focus of intense research at the dawn of multi-messenger astron-
omy.

Fig. 7 shows the energy coverage provided by the combination of the recent SVOM and EP
missions when combined with established facilities such as Swift, Fermi, and GECAM.
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Figure 7: Energy range sensitivity from SVOM, Einstein Probe, Swift, Fermi and GECAM, covering
optical, UV, X and y-rays. Credit: Bertrand Cordier.

1.2 PROGENITORS AND THEIR ENVIRONMENTS
Long and short GRBs are produced in different environments. Tracing the properties of their
respective host galaxies has historically helped to uncover the two distinct formation channels

responsible for these bursts, associating the former class with the death of massive stars and
the latter with compact objects mergers.
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1.2.1  Long GRBs and the death of massive stars

GRBs are associated with core-collapse SNe (ccSNe). GRB 980425 was the first GRB to be
associated with a SN, in particular a Type Ic-BL SN, named SN 1998bw (Galama et al., 1998).
GRB 980425 was not a typical GRB, since its isotropic energy (Eiso =~ 10%8 erg) was several
orders of magnitude lower than that of the bulk of GRBs. The second association involved
a more typical GRB, GRB 030329, associated with SN 2003dh (Stanek et al., 2003). Further
detections confirmed the link between GRBs and ccSNe, and showed that they are specifically
associated with a particular subclass, namely Type Ic-BL SNe#, as shown in Fig. 8.
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Figure 8: Fraction of SN or LGRBs against fractional flux in the g’ band (radio frequency). LGRBs
(black line) and Type Ic BL (green line) are found at high fractional fluxes, corresponding to
the brightest (hence most star-forming) regions of their host, while Type II SNe are found in
fainter regions and track star formation rate. From Kelly, Kirshner, and Pahre (2008).

The link between LGRBs and ccSNe indicates that the former are associated with the end
life of massive stars. Owing to the short-lived nature of massive stars, LGRBs are thus con-
nected with recent star formation. GRB host galaxies studies over a statistically significant
sample indeed confirmed that they are generally small, blue, young star-forming galaxies
(e.g. Fynbo, Malesani, and Jakobsson 2012; Savaglio, Glazebrook, and Le Borgne 2009; Schnei-

4 Type Ic is an extreme case of ccSN, where both hydrogen and helium have been expelled. A small fraction of
Type Ic features broad lines (BL) in their spectra, which are due to a very fast ejecta with velocities of the order of
v~2-3x10*kms™'.
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der et al. 2022). However, they also show a clear preference for low-metallicity environments
(e.g. Palmerio et al. 2019; Perley et al. 2016; Vergani et al. 2015).

Generally, GRBs are produced close to the centre of their host, with a small associated offset,
half of them lying at less than 1 kpc from their centre (Blanchard, Berger, and Fong, 2016;
Bloom, Kulkarni, and Djorgovski, 2002). While one might expect to find ccSNe and LGRBs
at similar locations within their galaxy, the latter are instead associated with the brightest
locations of their host (Fruchter et al., 2006), as it is shown in Fig. 9.
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Figure 9: For each host galaxy, an arrow marks the fraction of total galaxy light contained in pixels
fainter than or equal to the brightness at the transient’s location. The cumulative distributions
of GRBs and SNe over host light are shown as histograms: blue for GRBs and red for SNe. If
both populations traced the host light identically, their histograms would follow the diagonal
line. While SNe do follow the light distribution within statistical uncertainties, GRBs are
significantly more concentrated in the brightest regions of their host galaxies. Taken from
Fruchter et al. (2006).

However, not all Type Ic-BL SNe are associated with a GRB (e.g. SN20oz2ap, Berger, Kulka-
rni, and Chevalier 2002, SN20oogbb, Soderberg et al. 2010, SN20o12ap, Milisavljevic et al. 2015,
etc.). While one possible reason for the absence of GRB accompanying these SNe could be
the collimation of the jet, which makes it visible only when pointing towards the Earth, it is
more likely that not every Type-Ic BL SN is associated with a relativistic jet. In some cases,
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the jet might fail to pierce the envelope of the progenitor (a so-called choked jet, e.g. Denton
and Tamborra 2018; MacFadyen, Woosley, and Heger 2001; Pais, Piran, and Nakar 2022).

1.2.2  Short GRBs and compact object mergers

Unlike LGRBs, there is no evidence that SGRBs are associated with massive star collapse:

¢ Except for one special case>, no SN has been detected in association with SGRBs. These
non-detections put stringent constraints on the expected flux: if a SN is associated with
a SGRB, it must be several orders of magnitude fainter than those typically observed
with LGRBs.

* SGRBs are found in both early and late galaxy types, implying that SGRBs can also
be found in low star-forming regions, while LGRBs are only found among young, star-
forming regions.

* Offsets from their host galaxy centres are considerably larger than those of LGRBs
(Fig. 10), and are compatible with objects being expelled from their birthplace by na-
tal kicks to the suburbs of their host (Fong et al., 2013).

SGRBs, being associated with old stellar populations, are consistent with a compact binary
merger origin: the binary system, owing to gravitational-wave losses, slowly merges into a
more compact object with a delay between the birth and merger ranging from a few ten Myrs
to several Gyrs (Beniamini and Piran, 2019).

The association with COMs was confirmed by the simultaneous detection of a SGRB with

GW emissions in 2017, which marked the beginning of the multi-messenger astronomy (Sect. 1.2.3).

1.2.3 Association of short GRBs with gravitational waves

On August 17, 2017, a gravitational-wave (GW) signal from a binary NS (BNS) merger was
detected for the first time. This detection occurred simultaneously with a SGRB observed
by both Fermi/GBM and INTEGRAL, 1.7 seconds after the GW emission (Fig. 11), firmly
establishing the connection between SGRBs and BNS mergers (Abbott et al., 2017).

This extraordinary event is also remarkable from the GRB standpoint. Observed at a very
close distance (D ~ 40 Mpc), its energy and luminosity are several orders of magnitude be-
low typical SGRB values. This suggests either an intrinsically sub-energetic burst or a normal
SGRB viewed off-axis. The broadband afterglow of this event disfavours the former inter-
pretation and indicates that the jet was observed off-axis. It also implies the presence of a
structured outflow, with energy and Lorentz factor distributed beyond the jet core, rather
than a simple top-hat jet (see, e.g., Cheng et al. 2021; Geng et al. 2019; Gill and Granot 2018;
Lamb and Kobayashi 2018; Li et al. 2019; Takahashi and Ioka 2021; Wei et al. 2022 and Salafia
and Ghirlanda 2022 for a review)

Namely GRB 200826A, which is a collapsar GRB with an unsually short duration (Ahumada et al., 2021; Rhodes
et al., 2021; Rossi et al., 2022; Wang, Zhang, and Lei, 2022).
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Figure 10: GRB host galaxy offset distribution from Fong et al. (2022). Left panel: gold, silver, and
bronze sample are shown, with increasing chance alignment probability P (increasing
with increasing offset). Even for the SGRB sample with the smallest offsets (more reliable
because lowest P.c), SGRBs show considerably higher offsets than LGRBs (=~ 4.8 kpc (Gold)
against 1 kpc for LGRBs). Right panel: SGRB offsets compared with NS-NS model offset
predictions.

1.2.4 Kilonovae: the optical/IR counterpart of compact object mergers

Kilonovae are day- to week-long thermal transients, which are powered by the radioactive
decay of heavy, neutron-rich elements synthesised in the expanding ejecta of a COM (see
Metzger 2020 for a review).

Heavy elements in the universe are mainly synthesised via the capture of neutrons onto
lighter nuclei in a dense, neutron-rich environment in which the timescale for neutron cap-
ture is shorter than the (3 decay timescale. This rapid neutron capture (also called r-process)
significantly destabilises the nuclei of these elements, that decay radioactively. This radioac-
tive decay powers a thermal emission at ultraviolet, optical, and infrared wavelengths.

The merger ejecta is extremely hot immediately after being ejected from the merger. This
thermal energy cannot, however, initially escape as radiation because of its high optical depth
and long photon diffusion timescale at early times:

3Mk
= pkR = 47tR2 (1)
R 3Mk 3Mk
taitf = T— (2)

¢ 4mcR  4mevt
As the ejecta expands, the diffusion time decreasing with time as t~!, radiation can finally

escape when reaching the expansion timescale, which is set by t = tg;. This condition rules
the characteristic timescale at which the peak of the light curve (LC) is observed:
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Figure 11: Joint, multi-messenger detection of GW170817 and GRB 170817A. The top two panels show
GRB 170817A, a SGRB detected 1.7 seconds after GW170817, as detected by Fermi/GBM in
two different energy ranges, while the third panel presents the detection by INTEGRAL.
The bottom panel displays the frequency-time map of GW170817 obtained by coherently
combining data from LIGO-Hanford and LIGO-Livingston. From Abbott et al. (2017).
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1.2 PROGENITORS AND THEIR ENVIRONMENTS 17

where M is the ejected mass, v the ejecta velocity, and « its opacity. The freshly ejected matter
is extremely hot at early times (T ~ 107710 K). Without a source of heating, the expand-
ing ejecta would cool because of adiabatic expansion, losing almost all its initial thermal
energy before reaching transparency. However, in a realistic situation, the ejecta is continu-
ously heated by a combination of sources. These include at least the radioactive decay of
r-process nuclei, and possibly the GRB central engine or the spindown of a magnetar rem-
nant (magnetar-boosted kilonova).
The resulting kilonova properties are then ruled by the following key ingredients:

* mass and velocity of the ejecta and its different components;
¢ the opacity k of the neutron-rich matter;
¢ the variety of sources that contributes to heat the merger ejecta.

In particular, increasing opacity, associated with heavier elements including lanthanides,
shifts the kilonova flux towards near-infrared and delays the peak of the emission.
Different ejecta are produced by a BNS merger (Fig. 12):

* The dynamical ejecta is the first to be thrown out of the merging binary. This ejecta is
ruled by gravitational forces and by the hydrodynamics of the collision between the two
binary members. It is associated with a polar emission and a blue kilonova.

¢ Additional mass ejection may be driven by neutrino fluxes from the disc and from the
central object, in the case the merger remnant does not collapse to a black hole (BH).

* Viscous heating is also expected to unbind a significant fraction of the disc mass. This
ejecta is associated with a red kilonova, emitted along the merger plane.

The properties of the kilonova are also influenced by the nature of the merger remnant,
which in turn depends on its total mass M.t and the exact nature of the NS equation of state,
setting MTOV~

Squeezed dynamical
v =0.2c-0.3¢c

Squeezed dynamical
v=0.2c-0.3¢c

Tidal dynamical

Tidal dynamical Tidal dynamical
v~ 0.2¢-0.3c

“ = r - ‘3 = - A
- Diskwind' * " SR Decwing | * 02603c

v50.1c v<0.1c

- Disk wind
v<0ic

Neutron star + neutron star
Long-lived neutron-star remnant

Neutron star + neutron star Neutron star + black hole
Remnant promptly collapses to black hole Black-hole remnant

Figure 12: Different ejecta components depending on the merging components and on the nature of the
merger remnant. Red colours indicate regions of heavy r-process elements, which radiate
red/infrared light. Blue colours represent regions of light r-process elements which radiate
blue/optical light. From Kasen et al. (2017).
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Depending on the observation angle, the observer sees a bluer or redder kilonova, associ-
ated with a brighter or dimmer GRB and GW signals (Fig. 13).

Kilonova emission has been observed in association with a few SGRBs, such as GRB 070809
(Jin et al., 2020), GRB 130603B (Berger, Fong, and Chornock, 2013; Tanvir et al., 2013), GRB 160821B
(Lamb et al., 2019) and with GRB 171017A (Arcavi et al., 2017; Smartt et al., 2017; Tanvir et al.,
2017; Troja et al., 2017; Valenti et al., 2017), marking the beginning of the multi-messenger
astronomy.
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A Y
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Figure 13: Scheme representing the detection and localisation of GW170817 and its optical counter-
part. On the right panel are represented the different jet components produced by the BNS
merger: a ultra-relativistic narrow jet corresponding to the SGRB, a mildly-relativistic jet (co-
coon) developping at wider angles, a red kilonova (corresponding to a slow ejecta v ~ 0.1c),
propagating on the equatorial plane and a blue kilonova (corresponding to a faster ejecta
v ~ 0.3c) moving in the polar direction. All these components are observable at different
times and frequency ranges. From Margutti and Chornock (2021).

Unexpectedly, kilonovae have also been observed in association with LGRBs, such as GRB211211A

(Rastinejad et al. 2022; Troja et al. 2022, Fig. 14) or GRB 230307A (Gillanders and Smartt, 2025;
Levan et al., 2024), challenging our way to classify GRBs.
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Figure 14: Observation and modelling of the kilonova associated with GRB 211211A. Points come from
observations made at different wavelengths. The dotted lined indicate the predictions of the
afterglow model while the plain ones show the superposition of the kilonova and afterglow
models. Dashed lines show the kilonova model for AT2017gfo, the kilonova associated with
GRB170817A, shifted to the redshift of GRB 2112114, for comparison. From Rastinejad et al.
(2022).

1.3 CENTRAL ENGINES AND JET FORMATION

A GRB central engine can either be a hyper-accreting stellar mass BH (so-called collapsar,
Sect. 1.3.1) or a rapidly spinning, highly magnetised NS (a.k.a magnetar, Sect. 1.3.3).
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1.3.1  Hyper-accreting black holes

Massive stars in their late stages usually go through iron-core collapse, leading to the forma-
tion of a compact object, which can be a BH surrounded by an accretion disc. In the case of a
GRB progenitor star, the accretion disc is fed at a very high accretion rate, between o.01 and
several solar masses per second.

The nature of the accretion disc in this case is totally different from the accretion disc
surrounding active galactic nuclei (AGN). In this latter, the low accretion rate (inferior to
Eddington limit) enables the disc to cool by releasing radiation. In the GRB case, a thick and
opaque accretion disc is formed, meaning that photons are trapped inside the disc, which
prevent it from cooling by emitting radiation.

The hydrodynamic evolution of the disc is dominated by neutrino cooling, and is described
by the neutrino-dominated advection flow (NDAF, e.g. Popham, Woosley, and Fryer 1999)
model. Neutrinos play a major role, ruling the energy transport and the disc structure. The
disc structure is described in Fig. 15. In the inner regions of the accretion disc, cooling is dom-
inated by neutrino emission. Neutrinos and anti-neutrinos escape from the disc. In the polar
region located above the surface of the disc, close to the rotational axis, a small fraction of the
emitted neutrinos can annihilate®. This region being poorly contaminated by baryons, neu-
trino annihilation powers a clean e e~ fireball expanding at ultra-relativistic speed, creating
a funnel propagating along the rotational axis.

A small fraction of the energy stored by accretion is therefore deposited into a relativistic
fireball expanding at high Lorentz factors (I ~ 102 — 103). Its power L, = EMc? depends on
the neutrino efficiency £ and and on the accretion rate M. Efficiency being small (& ~ 1073),
huge accretion rates (M ~ 1 M, s ) are required to power the GRB:

Lvy = 1.8 x 10°" &_3Moc? ergs . (4)

1.3.2  The Blandford-Znajek mechanism

Another way to launch the jet, especially relevant for magnetised progenitors, is to tap the
rotational energy of the BH via the Blandford-Znajek (BZ) mechanism (Blandford and Znajek,
1977).

This mechanism applies to a spinning BH surrounded by a magnetised accretion disc, or-
biting around it. Magnetic field lines, anchored in the BH, are entrained by its spinning, and
swirls outwards and downwards the BH. Electromagnetic forces then creates currents drag-
ging the plasma outwards and downwards, producing a bipolar relativistic jet. This process
converts the BH rotational energy into a magnetised outflow moving at relativistic speeds.
The power extracted from a rotating BH Lpz via the BZ mechanism depends on the BH spin
angular velocity at the BH horizon Q44, the magnetic field strength B, and the BH mass Mg.

The power extracted from BH rotation and converted into a relativistic outflow is generally
described by:

Lpz = kB*M3QF, (5)

The energy released in neutrinos is expected to be several order of magnitude higher than the energy that serves
to power the GRB jet.
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Figure 15: Sketch of the accretion disc around a stellar mass BH (not to scale). The disc is made of
the trapping region where neutrinos are trapped (r < T¢rp), the emission region where
neutrinos can escape and cool the disc (ttrp < T < Tign), and the outer region (v > Tign).
Neutrinos from the emission region can escape the disc and meet in the polar region situated
above it. In the polar region, annihilation occurs and produces the relativistic fireball. Taken
from Deesamer, Chainakun, and Sreethawong (2024).

where the proportionality constant k depends on the magnetic field geometry. Higher-order
corrections can be obtained using perturbative methods (Camilloni et al., 2022). Higher terms
(Lpz x Qf, or x QF) become relevant for rapidly spinning systems and thicker accretion
discs (Tchekhovskoy, Narayan, and McKinney, 2010). For systems powering GRBs, the BZ
mechanism typically powers a jet with Lgz ~ 10*7 —10°1 erg s—*, which is in agreement with
the required energy budget derived from the measurement of the energetics and opening
angles (Sect. 1.4.2).

1.3.3 Magnetars as central engines

The GRB progenitor can also be a rapidly spinning (P ~ 1 ms), highly magnetised (B > 10'> G)
NS. In this case, the reservoir is the spinning energy of the NS. The available NS rotational
energy is given by

=107 =210 (135) (i) () o8 ©

where I = %MR2 is the NS moment of inertia, M the NS mass, R the NS radius, and P is
the NS spin period such that O = %‘.

This provides a limit on the energy a magnetar can convert into a GRB. GRBs observed
with higher energy cannot possibly have been produced by a magnetar. Although Eis, can
easily exceed 1052 erg, the collimation-corrected energy Ey = (1 —cos 0;)Eis, rarely exceeds
10°2 erg (Sect. 1.4.2). The energy budget provided by the rotational energy of magnetars is,
therefore, enough to power most GRBs. However, magnetars can hardly support the brightest
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Figure 16: Scheme describing the BZ effect. Magnetic field lines are attached to a spinning BH. The
BH spinning motion forces the lines to swirl around the BH spin axis, adopting a spiraling
shape. Electromagnetic forces are generated, inducing a current that makes plasma slide
along the lines. This launches a relativistic magnetised outflow which builds up upon the
initial BH rotational energy. Taken from Kip Thorne’s book, Black holes and time warps: Ein-
stein’s outrageous legacy (Thorne, 1994).

ones 7, for which a BH progenitor is favoured. The mechanism by which a magnetar can
power a GRB can be described as follows (Metzger et al., 2011):

e Stage I: SN shock (op < 1073 ; t < few 0.1 s). A successful SN shock is launched by
neutrino heating;

¢ Stage II: Non-relativistic wind (10~ 3<op<1;afewo1s<t<afewo.1s). Awind
powered by neutrinos is guided through a cavity originating from the SN shock. The
wind is initially poorly magnetised and expanding at non relativistic speed;

¢ Stage III: Relativistic wind and shock break out (1 < 0p < 10—100; few s < t < tpo).
As the NS cools, the magnetisation increases and the wmds become mildly relat1v1st1c.
As Stage III is ending, the wind pierces and breaks out of the star;

7 It would not have been able to power GRB 221009A (Ejg, > 1055erg).
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e Stage IV: GRB emission (10 — 100 < 09 < 10%; tpo < t < tenq)- A clean opening of the
star is formed. The GRB is powered by direct magnetic dissipations near or above the
photosphere or/and by internal shocks. GRB emission models would be discussed in
Sect 1.5. During this phase, 0y steadily increases;

¢ Stage V: Post GRB (oy > 10% ; t > teng). As the NS become optically thin to neutri-
nos, op increases even more rapidly than in Stage IV and reach very large values. Jet
acceleration and magnetic dissipations being inefficient at this stage, the GRB ends. The
residual rotation energy can power late X-ray flares or the X-ray afterglow (e.g. shallow
decay known as the plateau, Sect. 1.1.4).
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Figure 17: Different stages of the evolution of the wind launched by the SN shock. From Metzger et al.
(2011).

The NS rotation decreases as angular momentum is lost through both electromagnetic (EM)
and GW emission. The spin rotation evolution during the spin-down phase is described by
(e.g. Zhang and Mészéros 2001):

. BZreQ*
d (1 10%) =-100 = 2

. 32GI%eQ®
S dt 2

6¢3 5¢°
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where B}, is the magnetic field strength at the poles, and e the ellipticity of the NS (the
other quantities have been defined where the first (second) right-hand side term of Eq. (7))
represents the EM (GW) losses. The spin-down luminosity is given by dipole radiation:

BZRQ*
Lop = —5 ®)

If EM dominates GW losses®, the spin-down luminosity is given by:

t -2 Lo if t < M,
L) =Lo(1+—) "= > ©)
TEM Lo <ﬁ> if t>> 1M -
The typical dipole spin-down timescale is given by
Tem ~2x 103 s I45B;%5P§,73Rg6. (10)

Magnetar spin-down has been invoked to explain achromatic bumps in the optical afterglow
(e.g GRB000301C, Dai and Lu 2001; Zhang and Mészdaros 2001), and also the shallow decay
phases observed in X-ray afterglow (i.e. the phase II of Fig. 6 and its transition to III, e.g.
Dall’Osso et al. 2011, see Bernardini 2015 for a review).

1.4 JET PROPAGATION
1.4.1  Compactness and relativistic motion

The short time variability (8T ~ 10 ms) observed in GRBs implies that the emitting source
must be very compact. The large amount of energy released by a GRB (Eis, ~ 10°2 erg)
in such a small volume implies a very high photon density, and hence a very high opacity
for pair-production, preventing the escape of MeV-GeV photons and leading instead to a
purely thermal spectrum. In fact, the pair-production opacity in the non-relativistic case can
be approximated by (Sect. A.1 for a full proof):

T, = M —10"3 f o D 2 oT -2 (11)
vy RZ m, c2 P \10-7ergem—2 ) \ 3 Gpc 1M0ms/ '

where f,, is the fraction of photons that make pairs, o1 the Compton cross-section, @ the
energy fluence, Dy, the luminosity distance, R; the emission radius, m. the electron mass and
c the speed of light. In the non-relativistic case, the size of the source is simply connected to
the observed variability by R; = c¢dT. This posed a serious theoretical conundrum at the time,
the so-called compactness problem. This problem is resolved by considering that the fireball is
moving ultra-relativistically, with a Lorentz factor I" > 100.

Indeed, in the relativistic case, two relativistic effects must be taken into account in the
calculation of T:

* (i) the fraction of photons that can make pairs decreases by a factor of I'?(1+B), where
is the high-energy PL index of the photon spectrum;

GW spin-down is relevant only when an initial spin velocity Qg > Q. = 10 rad s~ is given to the NS. In such
cases, the timescale for the GW-dominated regime is short, so that Q rapidly falls below Q..
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¢ (ii) because of relativistic beaming, the relation between emission radius and variability
becomes R = I'"’cAt, reducing the opacity by an additional factor I'* (since Ty, o R{?).

Hence, in the relativistic case Eq. (11) has to be replaced by Eq. (12):

o3 ) Dy \?2/ T \? (12)
vy r2=28 \ 107 ergcm—2/ \ 3 Gpc M0ms/

Therefore, a Lorentz factor of at least 100 — 1000 is required to obtain T, ~ 1, corresponding
to the optically thin regime.%

1.4.2 Jet collimation and beaming

GRB radiation is not emitted in all directions but rather within two narrow bipolar jets, with
a half-opening angle 0; of a few degrees. This has huge consequences for the energy budget,
which is lowered by a factor of a few tens to a few thousand (Fig. 18). The true y-ray energy
explosion is given by the geometrically corrected energy E,, which can be derived from the
isotropic energy E iso and the jet half-opening angle 6; using Eq. (13):

2
Ey, = (1 —cos6;)Eyis0 %Ev,iso =10°° —10°2 erg. (13)

The jet half-opening angle can be derived from the achromatic' steepening of the late
afterglow (Fig. 19). This feature arises from the combined effects of relativistic beaming and
jet deceleration: at early times, the jet moves with a Lorentz factor of several hundred, so the
observer only sees the radiation in a cone of semi-angle I'"! < 0;. As the jet is slowed by its
interaction with the medium, its Lorentz factor decreases, and the visible portion of the jet
widens.

When the relativistic beaming cone size starts to be comparable to the jet opening angle
0;, the edge of the jet becomes visible. Beyond this point, no additional emitting area comes
into view, and lateral expansion causes the jet to spread and decelerate more rapidly. This
results in a steepening of the afterglow decay to a PL index « ~ 2, observed simultaneously
in different spectral bands (so-called achromatic break).

The jet semi-opening angle 0; can be obtained from the position of the jet break time t;,

using Eq. (14):

3/8 —3/8 —~1/8
t; 14z n 1/8 Ey iso My 1/8
0 = 0.057 rad (1 day> ( 2 > (o.1 Cm*3) <1053 erg) (o.z) , (14)

where 0; is the jet half-opening angle, t; the jet break time in the observer frame, z the burst
redshift, n the circumburst medium number density in cm™3, E, i, the isotropic-equivalent
energy in erg, and n, the radiative efficiency.

For a typical value of B ~ —2.5 and I' = 100, Ty ~ 0.1f.
Achromatic means that it is observed in different wavelengths passbands, meaning that it cannot be attributed to
the crossing of a critical spectral frequency.
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Figure 18: Left panel: Half-opening angle 6; distribution from a sample of 77 GRBs. Right panel:
Collimation-corrected energy released into y-rays derived using the jet angle. From Lu et al.
(2012).

1.4.3 Jet propagation and breakout

The jet is either launched by the BZ mechanism or by vv annihilation (Sections 1.3.1 and 1.3.2).
As the jet propagates through the surrounding dense medium, either the stellar envelope of
the progenitor star or the ejecta from a COM, it drives a forward shock into the ambient
material and a reverse shock back into the jet. Material from both the jet and the environment
is displaced sideways, forming an over-pressured cocoon that surrounds the jet and exerts
pressure on it. The cocoon expands laterally at non-relativistic speeds. The jet is collimated
by this cocoon and transfers part of its kinetic energy to it, giving rise to an angular structure,
i.e. an energy profile Eis,(6), which differs from the simple top-hat jet configuration. When
the jet head breaks out of the dense medium of the progenitor remnant, the jet and cocoon
form a single structure, referred to as a structured jet (Fig. 20).
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Figure 19: GRB 990510 multi-wavelength late afterglow. The afterglow features a break observed at
different wavelengths. The sketch shows three different epochs: (a) before the jet break time
where, because of relativistic beaming, only a tiny portion of the jet can be seen; (b) at the
jet break time, the edge of the jet starts to be observed; (c) after the jet break time, the jet

expands sideways into a bigger cone and no additional light comes from the jet. Credit:

Cristiano Guidorzi.
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Figure 20: Sketch schematising the jet and cocoon formation. From Salafia and Ghirlanda (2022).

[January 29, 2026 at 15:00 — classicthesis]

27



28

11

GAMMA-RAY BURSTS: SO MUCH PHYSICS IN SUCH LITTLE TIME

1.5 EMISSION MECHANISMS
1.5.1 External shocks

In the late 9o’s, an intense debate existed between an internal (associated with a central engine
with variable activity) and external origin (associated with a single blast wave, sweeping up
the medium) for GRB emission. While the latter currently well describes the afterglow radia-
tion, it struggles to explain GRB prompt emission. In fact, if GRB radiation is produced by a
single expanding shell, a temporal broadening of the pulses in the LC should be observed™'. In
the late 9o’s, most GRBs measured by BATSE did not show such evolution (e.g. Ramirez-Ruiz
and Fenimore 1999). A notable case is GRB 990123, for which no pulse increase was noted
despite the fireball started to decelerate before the end of the prompt emission (Fenimore,
Ramirez-Ruiz, and Wu, 1999), ended the debate, tipping the balance towards a central en-
gine based emission and internal shocks. Conversely, recent cases, such as GRB230307A, for
which there is a clear, systematic increase of the pulse width, could revive the debate (see
Chapter 3.3.2).

1.5.2 Internal shock model

Internal shocks (IS) could occur within a variable ultra-relativistic wind produced by a highly
variable source (Daigne and Mochkovitch, 1998; Kobayashi, Piran, and Sari, 1997; Rees and
Meszaros, 1994).

Usually it is assumed that the Lorentz factors of the shells are highly dispersed, with a
large spread 8T ~ T, where T >> 1 is the typical bulk Lorentz factor.

Consider two shells emitted by the central engine at times t = t. and t = te +t, with
respective Lorentz factor I'1 and I, with I, > T > 1. The timescale t is the time elapsed be-
tween the emission of two consecutive shells and represents the intrinsic variability timescale
of the central engine. The condition that the faster shell catches up with the slower one (see
A.2 for the proof) defines the internal shock radius Ris and the internal shock collision time
tis (in the central engine rest frame):

_ F\2/t
_ ~T2¢ 14 _ v
R =cl“ty =3 x 10" cm <100> (13)' (15)
and
P2
tig = te + sty . 16
s =tetp gty (16)

A great strength of the IS resides in the fact that the observed GRB temporal variability
faithfully mirrors the activity of the central engine. In fact, the pulse arrival times tqps in the
observer frame directly correspond to the emission times in the central engine rest frame:

D —Rys D
Jtobs:tIS'i‘f = z‘i‘te +tv (17)

The duration of the pulse is given by Atang = ﬁ, where R is the radius of the expanding shell. If the shell is

decelerating, the Blandford-McKee solution for the deceleration of a relativistic shell sweeping up a homogeneous
medium providing I' oc t—3/8 and R o t1/4, the pulse duration Atang o< t should increase linearly with time.
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where D is the distance between the central engine and the observer (proof in Sect A.3). The
sequence of pulses observed in the LC and the timescales separating them, therefore, reflect
the activity of the central engine (Fig. 21).
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Figure 21: Initial Lorentz factor distribution (left panel) of the wind of shells and LCs (right panel)
obtained with the internal shocks model of Daigne and Mochkovitch (1998). In all the three
panels, the case of a fast layer with I' = 400 slowed down by several slower layers is con-
sidered. The masses in the fast and in the slower layers are similar. Panel (a) shows a quite
simple profile with four slow layers which produce exactly four pulses; Panels (b) and (c)
present more intricate time profiles with 15 slow layers. The distributions of the Lorentz
factor in (b) and (c) are homothetic, (c) being simply 10 times longer than (b).

The efficiency of converting kinetic energy to y-ray radiation is given by (see proof at

Sect. A.4):
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my +my

T‘Iy:]* 3 > r T ’ (18)

where m; and m, are the masses of the two shells, and I'; and I, their Lorentz factors. This
leads to very low values, which implies that IS is not an efficient way to convert the kinetic
energy of the fireball. Even in the case of equal masses (m; ~ m;), and a high contrast
% > 1, 1, hardly exceeds 20%, as also shown by Kobayashi, Piran, and Sari (1997) with a
more realistic multiple-shell model.™*

1.5.3 Photospheric emission

The relativistic wind, being initially opaque, should emit some thermal radiation when enter-
ing the optically thin regime. This transition happens when the optical depth of the relativistic
wind reaches unity, which occurs at the photospheric radius rp,, which is given by Eq. (19).

EKT
TPh = gre33
where E is the energy rate injected by the central engine, kt the Compton opacity, ¢ the
speed of light, and TI" the Lorentz factor of the relativistic wind. To explain the non-thermal
component produced during internal shocks, they must occur in an optically-thin regime.
Therefore, the photospheric radius should lie below the internal shocks radius to account for
the observed non-thermal spectra.

A bright thermal component dominating the non-thermal one was observed only in very
few cases, such as GRBo09gogo2B (Ryde et al.,, 2010), GRB 101219B (Larsson, Racusin, and
Burgess, 2015), GRB 100507 (Ghirlanda, Pescalli, and Ghisellini, 2013). An additional ther-
mal component, that significantly improves the spectral fit either on the whole GRB duration
or only at the beginning of the burst, was found in a few cases (see e.g. Burgess et al. 2014;
Guiriec et al. 2011, 2013). However, the thermal precursor appears only in a minority of GRBs.
This difficulty in seeing the thermal component indicates that it is weaker than the non-
thermal one for most GRBs. The absence of bright photospheric component in most GRBs
could indicate that most of the energy carried by the wind is stored in magnetised form, the
relative strength of these two components being regulated by the thermal/magnetic content
of the jet (Hascoét, Daigne, and Mochkovitch 2013 but also Sect. 1.5.4).

=6x10"? E5,l, 3 em, (19)

1.5.4 Magnetically dominated models

The composition of the relativistic outflow produced by the central engine is still mysteri-
ous. In particular, the contribution of the magnetic field within the outflow is still uncertain.
Generally, the outflow composition can be described by:

e an hydrodynamical outflow made of photons, e pairs and baryons characterised by a
baryonic flux Fy;

A Lorentz factor distribution is considered with Y pin and ymax as minimum and maximum values. For zﬂ > 103,
max
Ny can reach 40 %, while for more reasonable contrast % =10,1y = 20 %.
max
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¢ a Poynting-flux outflow which dynamics is dictated by the magnetic field, characterised
by a Poynting (magnetic) flux F.

To measure the composition of the outflow, one can introduce the magnetisation parameter,
which is defined by the ratio of the Poynting over the baryonic flux:
Fp B2
o= Fo  4mlpc?’ (20)
where B and p are the magnetic field strength and matter density in the rest frame of the
central engine (lab frame). The jet is said to be Poynting-flux dominated when o >> 1, while
it is photon dominated when o <« 1.

For an hydrodynamical outflow, the thermal energy of the fireball is converted into kinetic
energy of the jet which is ultimately converted into non-thermal radiation, via internal shocks,
as seen in Sec. 1.5.2. One expectation of this model is the presence of a photospheric emission,
due to photons escaping the fireball when this one reaches the photospheric radius, at which
the fireball becomes transparent (Sect. 1.5.3). However, the non-detection of a bright photo-
sphere in bright GRBs, such as GRB 080916C, casts doubt on the composition of the relativistic
jet. In fact, this bright GRB was observed simultaneously by Fermi/GBM and LAT which per-
formed a joint spectral analysis over 5 energy decades (from ~ 10 keV to 10 — 100 GeV; see
Abdo et al. 2009b), which did not reveal any deviation from a Band function, suggesting a
single non-thermal origin for the prompt emission of this event. This indicates that the major-
ity of the energy contained in the outflow was not stored in a kinetically-dominated fireball
but into a magnetised form (o = 15 — 20 according to Zhang and Pe’er 2009), which is not
released at the photospheric radius. The absence of a bright photosphere for the majority
of the observed GRBs could imply that, in many cases, most of the energy is stored in the
Poynting-flux component.

In the case of Poynting-flux dominated outflow (o > 1), most of the energy of the outflow
is stored into magnetic form. The magnetic energy can be either dissipated into thermal or
kinetic energy of the outflow, but can also be dissipated directly into radiation via magnetic
reconnections . More precisely, depending on the degree of magnetisation o, = I'* ~ 10°T%,
different regimes can be observed:

¢ [1] Fireball model [0 < 1]. Kinetic energy is dissipated via internal shocks.

¢ [2] MHD models [1 < 0 < 0., Drenkhahn and Spruit (2002)]. Most energy is carried
out by magnetic fields but may be first converted into bulk motion and then dissipated
through internal shocks, although magnetic energy can be directly dissipated into radi-
ation by magnetic dissipations.

¢ [3] Electromagnetic model [0 > o, Lyutikov (2006)] Magnetic energy is converted to
accelerated particles only through magnetic dissipations, not shocks.

The different possible energy transfers are summarised in Figure 22.

1.5.5 The ICMART model

The Internal-Collision-induced MAgnetic Reconnection and Turbulence model (ICMART, Zhang

and Yan 2011) is a trade-off between internal shocks model where the fireball is purely hydro-
dynamic and magnetic-reconnection based models where the jet is Poynting-flux dominated.

[January 29, 2026 at 15:00 — classicthesis]

31



32

GAMMA-RAY BURSTS: SO MUCH PHYSICS IN SUCH LITTLE TIME

Energy flow in GRBs
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Figure 22: Energy transfer chart for different outflow compositions. From Zhang (2020)

In this model, the jet is only mildly magnetised, with o ~ 1 — 100 when it reaches the emission
region.

As in the standard IS model, the central engine launches a variable wind of shells that can
interact and collide. However, most of the early collisions dissipate little energy and produce
negligible radiation. In fact, initially the total released energy is at most (1+ o)~ of the
total ejecta energy. This also explains the absence of a bright photosphere in most GRBs, as
most of the energy is kept in magnetic form at this stage. Shocks progressively discharge the
magnetisation that decreases as the jet expands. While the magnetic field lines entrained in
the ejecta are initially globally ordered, the early collisions start to distort them, triggering in
turn turbulence within the outflow.

Eventually, the magnetic field lines become sufficiently entangled to allow magnetic recon-
nection events. Once a reconnection seed event is triggered, the rapid energy release perturbs
the surrounding material. The resulting turbulence further distorts the magnetic field lines,
enabling additional reconnection events. This leads to a runaway release of magnetic energy,
an ICMART event, which corresponds to a pulse in the GRB LC. The mechanism leading to
an ICMART event is summarised in Fig. 23.
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GRB ' GRB GRB
Photo.sp.herlc Prompt emission Afterglow
emission

suppressed by
1

photosphere ICMART
cent'ral early region External
Engine R~101 — 1012 ¢m  collisions R ~105 — 1016 ¢m shock
R ~107 cm g <0y R ~10'% — 10 em R ~10'7 cm
c=0y>»1 o~1-100 o<1

Figure 23: Scheme of the emission mechanism in the ICMART model. A Poynting-flux dominated
jet is launched by the central engine. At the photosphere, the jet is magnetised therefore
the photospheric emission is suppressed by a factor Pl - Early collisions within the jet

disrupt the initially order magnetic field lines, and trigger turbulence within the outflow.

Turbulence grows as more shocks occur, until the magnetic lines get so entangled that fast

magnetic reconnection events are made possible. At the emission site, a cascade of local

magnetic reconnection events produces altogether an ICMART event, which can be seen
as the superposition of the emission of all these local emitters. A GRB LC can be made
of different ICMART events, occuring one after another, according to the central engine

activity. Credit: Martina Sartori.

1.6 THE PROMPT EMISSION IN DETAIL
1.6.1 Spectral properties of GRBs
The prompt emission spectrum is usually well described by an empirical smoothly joined

broken PL function, known as the Band function, discovered by D. Band on BATSE GRBs
(Band et al., 1993).

X —(2+«) E . Epea
<1OOEkeV> e pesk if E < (a—B)75y
(21)

( (x—B )Epeak
(

N(E)=A « B ) 6 ‘
m) exp (f— o) (m) otherwise

A is the amplitude in ph s™" cm™2 keV ™", Epeqx is the vFy peak in keV, o is the low-energy
PL index, and f is the high-energy PL index.

The Band function is a phenomenological function that accurately describes the spectrum of
most GRBs. Its physical origin is still highly debated. The traditional way to explain GRB spec-
tra is to invoke the synchrotron emission of non-thermal electrons in optically-thin regions
(produced either by internal shocks, or by internal magnetic dissipation events), but a pho-
tospheric emission, reprocessed by some dissipation processes near the photosphere, could
lead to a distorted black-body spectrum which could ultimately mimic a Band function.
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Figure 24: Top panel: Photon spectrum N(E) of GRBggo123 fitted by the Band function. Bottom panel:
energy spectrum E2N(E). Credit: Rob Preece.

1.6.2  Consequences of the relativistic motion

The jet propagates at ultra-relativistic speeds, with a Lorentz factor of a few hundred. This
implies that the radiation is beamed into a cone of semi-opening angle 1/T. This causes a delay
between photons emitted on the jet axis and those emitted on the edge of the jet, known as
the angular spreading timescale Atang (Fig. 25). The angular spreading timescale is given by

Eq. (22):
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R(1 —cos(%)) R
c AR

(22)

4

Figure 25: Sketch illustrating the angular spreading timescale. Photons emitted at the edge of the
relativistic beaming cone are delayed with respect to those emitted on-axis. This delay is
observed by the observer in the decaying part of the pulse.

Atang =

where R is the emission radius.

|

1.6.3 Empirical correlations

After BeppoSAX made distance measurements possible, GRBs began to be examined in their
rest frame, and a number of prompt-emission correlations emerged. Some correlations be-
tween the observables of the prompt emission were noted. Among them, the Amati relation
linking the isotropic-energy Eis, and the intrinsic spectral peak energy Ey, i = (1 + 2z)Ep obs,
where E,, o is the observed peak energy, has been consistently observed over many years of
observation. The Amati relation reads:

Ep,i _ Eiso m
keV K<1052 erg> / (23)

with m close to 0.5 and K ~ 95 (Amati et al., 2002). This relation was observed not only by
grouping different bursts together but also within individual GRB time profiles using the
corresponding time-resolved quantities (e.g. Maistrello et al. 2024). The correlation holds for
both Type I and Type I GRBs (Fig. 26), with a similar slope but a different normalisation, the
Type I GRBs lying above the Type II GRBs in the Amati plane (Minaev and Pozanenko, 2020;
Tsvetkova et al., 2017; Zitouni, Guessoum, and Azzam, 2022). This difference can be used as
a way to gain clues on the classification of ambiguous GRBs.
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Figure 26: The E,;-Ejs, correlation for subsamples of SGRBs (blue dots), SGRBs with an extended
emission (cyan circles), LGRBs (dark red dots), and LGRBs with an associated SN (red
circles). Corresponding fits are shown by the coloured lines (black lines represent fits of the
whole type I and type II samples). From Minaev and Pozanenko (2020).

There exists the analogous time-resolved version of the Amati correlation, which therefore
concerns E,,; and the peak luminosity L, (Yonetoku et al., 2004).

In addition, these correlations can be exploited to use GRBs as probes of the cosmological
parameters (see Moresco et al. 2022 for a review).

1.6.4 Temporal properties of the GRB prompt emission

GRB duration is characterised by the Too'3, which is distributed according to a bimodal dis-
tribution, first discovered by the BATSE experiment (Kouveliotou et al. 1993, Fig. 27). This du-
ration distribution, along with the hardness of the burst, was used to classify GRBs into two
classes, short/hard and long/soft bursts. For a long time, these two classes were thought to
be associated with two different formation channels, the former being associated with COMs,
while the latter being linked to the collapse of a massive star. Several events, such as LGRBs
associated with merger of compact objects, proved this classification wrong (Sect. 3.2.6).

13 The Toq is the time interval covering from 5% to 95% of the total GRB fluence.
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Figure 27: GRB To¢ distribution for the bursts observed by BATSE. The two seconds dividing line was
used to separate the short/hard bursts from the long/soft ones. From Meegan et al. (1998).

GRB LCs display a broad diversity, ranging from smooth profiles to highly complex and
intricate structures. Sometimes GRB time profiles are characterised by a unique smooth pulse,
which is often modelled as a FRED (fast rise exponential decay) template, whose expression
is given by e.g. Norris et al. (1996):

Aexp[— (tOT_t)V} , t<t,
f(t) = [ (t—rt())q (24)
A exp|— , t>1,

Ta

with A the amplitude, to the peak time, 1, the rise time, T4 the decay time™. The peakedness
v usually lies between 1 and 2, suggesting that the FRED pulse shape is between a simple
exponential and a Gaussian. Other pulse templates have been proposed (Gowri et al., 2024;
Hakkila and Preece, 2014; Kocevski, Ryde, and Liang, 2003; Norris et al., 2005) in the literature
to account for the various GRB pulse shapes.

FRED-like pulses could constitute the building blocks of GRB LCs, as more complex LCs
can be obtained as the superposition of multiple overlapping pulses, as it has been suggested

Usually the decay time is larger than the rise time, so one can define r = 14 /7 > 1, which can be more convenient
to use when constraining the model.
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by Stern and Svensson (1996). In this model, the LC is the result of a superposition of pulses
generated recursively by a stochastic process operating in a nearly critical regime. This model
well reproduces the temporal properties of GRB LCs, as also recently shown upon optimi-
sation of this model through machine-learning techniques (Bazzanini et al., 2024; Maistrello
et al., 2025).

FRED pulses show a different behaviour when studied at different energy ranges, in par-
ticular the width typically decreases for increasing energy, w(E) o< Eg%, with o ~ 0.4 —0.6
(Borgonovo et al., 2007; Fenimore et al., 1995). A time lag between different energy channels
is also often observed, soft photons usually lagging behind harder ones (Bernardini, 2015;
Cheng et al., 1995; Maraventano et al., 2025; Norris, Marani, and Bonnell, 2000; Shao et al.,
2017; Ukwatta et al., 2010; Wu and Fenimore, 2000). LGRBs have positive lags and lag consis-
tent with zero while SGRBs typically have lags consistent with zero (Bernardini et al., 2015). A
correlation between time lag and peak luminosity was suggested in LGRBs prompt emission
(e.g. Norris 2002; Norris, Marani, and Bonnell 2000; Schaefer and Collazzi 2007; Ukwatta et al.
2012), as well as in GRB X-ray flares (Margutti et al., 2010b). The relation has been claim to
hold also for individual GRB pulses (Hakkila et al., 2008).

1.7 THE AFTERGLOW RADIATION
1.7.1  Deceleration and interaction with the external medium

The calculation of the deceleration of the GRB ejecta by the external medium is very simi-
lar to that of the braking of a SN envelope, but in a relativistic regime. A ultra-relativistic
strong shock (matter moving at nearly the speed of light hitting the external medium at rest)
propagates into the surrounding medium.

Energy conservation in the case of a strong relativistic shock can then be written as

MoMoc? + Mexic? =~ TMoc? + M Mexic?, (25)

where [} is the Lorentz factor of the ejecta before deceleration, and Mey is the mass of the
external medium swept up when the ejecta has reached a given radius R. The left-hand side
of Eq. (172) consists of the initial energy of the ejecta and the rest-mass energy of the external
medium at rest, and the right-hand side is the ejecta energy after braking plus the energy of
the shocked external medium. One can rewrite it to obtain a second degree equation in the

variable I': where m = M’\g%o' Three phases are observed, depending on m:

® phase 1: T~ T if m < T;
® phase 2: I' Tom™1/2if 1 <« m < TZ;
* phase 3: T~ 1if m > T3.

Deceleration becomes important when m = 1, i.e. when Mgy is of the order of the initial
ejecta mass reduced by the Lorentz factor, Mext(Rgec) =~ I\Fl—o" If the external medium has a

constant mass density pext = nmp, the swept-up mass at radius R is Mex(R) = %T(RS Pext- This
yields the deceleration radius:

3MO > 1/3
Rive ~ [ ———— ) 26
dec <4T[pextro (26)
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Since the isotropic equivalent kinetic energy of the ejecta is Ey ;o = loMoc?, Eq. (26) can
also be written as

3Ekiso >1/3 16 1/3 ~-2/3__1/3
Ryee ~ | ———%As0 —=62x10"°cm E. r n-1/3, 2
dec <47_[peXtC2 rg is0,52 ' 2 ( 7)

This defines the distance from the central engine at which the ejecta begins to efficiently
transfer its energy to the shocked external medium, marking the onset of the afterglow emis-
sion.

R dec

sponds to the Blandford and McKee (1976) solution. At further radii, when m > I'Z, the ejecta
becomes non-relativistic and the Lorentz factor reaches unity'>.

—3/2
During phase 2, for an homogeneous medium, then T, (R) ~ T} ( R ) , which corre-
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Figure 28: Deceleration of the GRB ejecta. The evolution of the Lorentz factor during the braking of the
ejecta is shown as a function of the normalised mass m = Mext/(Mo/Tp). The two vertical
lines indicate m = 1 (start of deceleration) and m = Fg (transition to the non-relativistic
regime). The initial Lorentz factor is Iy = 100. (Credits: F. Daigne).

The deceleration time is given by tge. = ;E‘—;CC. It can be used to measure the initial Lorentz
0
factor Iy of the outflow before deceleration by measuring the afterglow peak (if the break

effectively corresponds to the deceleration and not to different spectral regimes).

1.7.2  Synchrotron emission and cooling regimes

The afterglow radiation is a broad-band (from radio to X and y-ray wavelengths, up to very
high- energy), long-lived (lasting from hours to weeks) radiation following the prompt emis-
sion, which is caused by the shocks between the GRB ejecta and the interstellar medium.

1/3
This occurs when m = I'2, at the transition radius Ryjewton = ( = Eo , defining where the ejecta becomes
0 ewto: ) ]

Frmmyc?
non-relativistic.
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Conversely to the prompt emission, in the case of the afterglow, the radiation mechanism
is globally known: the shock accelerates electrons and propagates local magnetic fields, and
electrons radiate through synchrotron radiation. It is composed of two components:

¢ the forward shock (FS), propagating into the shocked medium;
¢ the reverse shock (RS), propagating into the GRB ejecta.

The RS component is particularly important for a weakly magnetised jet (i.e. o < T). The exact
shape of the afterglow spectrum depends on the electron cooling regimes: when all electrons
cool efficiently (fast cooling, vi, > v.) or when only high-energy electrons cool efficiently
(slow cooling, vin < V).
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Figure 29: Radio, optical, and X-ray model LCs for eight GRB afterglows. From Kumar and Zhang
(2015).
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Figure 30: Expected GRB afterglow spectrum shapes in the cases of slow and fast cooling regimes.
From Sari, Piran, and Narayan (1998).
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1.8 WHY TIMING MATTERS

GRB LCs enclose a wealth of information, characterised by the duration, the temporal variabil-
ity, the quiescent times between two strong emission episodes, the time lag between different
energy channels, etc.

Studying the temporal behaviour of both LCs and energy spectra is fundamental to under-
standing how GRB central engines work (see Chapters 2 and 3) and can provide important
clues on the nature of the GRB progenitor (see Sects. 3.2.10 and 3.3.2). It can help charac-
terise the stochastic process that possibly rules GRB prompt emission. Even if the stochastic
character of the central engine is unsettled (e.g. Greco et al. 2011 and Chapter 5), under this
assumption it provides an accurate description of the temporal properties. The following
sections illustrate how temporal variability can be used in this direction.

1.8.1  Fourier analysis of individual GRBs

Fourier power density spectra (PDS) provide a way to indirectly probe the GRB time variabil-
ity by going into Fourier frequency space. In this space, low frequencies are associated with
slow-varying time components, while high frequencies correspond to narrow time features.
Usually, the GRB PDS is described by either a PL or a broken PL (BPL; Fig. 31), according to:

Spr(f) = Nf* +B, (28)
Sgpr = N [1 + (f‘;)“r +B, (29)

The steepness of the PL decay at high frequency is associated with the strength of the fast
variability components, as we will see in Sect. 3.1.1. The study of the PDS reveals a remarkable
correlation between peak energy and PDS slope (Dichiara et al., 2016). This correlation has
important consequences on the theoretical GRB emission models described in Sect. 1.5. In
particular, it clashes with the E, o =2 correlation expected in the IS framework (Ramirez-
Ruiz and Lloyd-Ronning, 2002), unless the microphysics parameters depend on the Lorentz
factor, while it is more naturally accounted for when the prompt emission is due to magnetic
dissipations, as prescribed by the ICMART model.

1.8.2  GRBs as a time-varying Poisson process

The prompt emission and the early X-ray afterglow share many temporal properties, with
periods of intense activity separated by long periods of inactivity (so-called quiescent times).
While it is commonly thought that these two phenomena share a common origin, the physical
mechanism(s) leading to this complex temporal behaviour are still uncertain (Section 1.5).
Guidorzi et al. (2015) proved that the common WT distribution of pulses and flares shows
a PL tail extending over four decades with a PL index close to o ~ 2 (Fig. 33) and can be
the manifestation of a common Poisson process with a time-varying rate. These results are
consistent with a simple interpretation: a hyper-accreting disc breaks up into one or a few
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Figure 31: Power density spectra of GRB110119A (top panel) and GRBoso713A (bottom panel),
GRB 110119A is well modelled by the PL model described in Eq. (28) , while GRB o50713A
is modelled by the BPL model described by Eq. (29).

groups of fragments, each of which is independently accreted with the same probability per
unit time. In this picture, prompt y-rays and late X-ray flares are due to different accretion
episodes happening at the beginning and the end of the accretion process, following exactly
the same stochastic process and likely the same mechanism.

1.8.3 Different techniques to probe the temporal variability

The temporal variability properties can be directly probed through PDS in the time domain
(Li, 2001; Margutti et al., 2008), or in the frequency domain using Fourier transform (Be-
loborodov, Stern, and Svensson, 2000; Dichiara et al., 2013; Guidorzi, Dichiara, and Amati,
2016; Guidorzi et al., 2012; Ryde et al., 2003). The former studies show that different charac-
teristic timescales in the range 0.1 — 10 s were acting simultaneously in some GRB LCs, while
the latter studies identify the presence of a dominant timescale in a fraction of GRBs.
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Figure 32: Peak energy vs. PDS slope in the source rest-frame. The different colours indicate values
obtained with different experiments. The only SGRB available is also shown for comparison
(diamond). Adapted from Dichiara et al. (2016).
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Figure 33: WT distribution of GRB prompt emission and X-ray flares. In black are shown the distribu-
tion derived using bursts from Swift data, while in red are shown the simulated distribution
using the time-varying Poisson process based on the fragmented disc model described in
Sect 1.8.2. Reproduced from Guidorzi et al. (2015).

The autocorrelation function (ACF) was used to measure the width of the time structures
observed in GRB LCs (Borgonovo et al., 2007; Fenimore et al., 1995). It was used in particular
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to prove the lack of timescale evolution in GRB 990123, which at the time disfavoured the
external shocks model (Fenimore, Ramirez-Ruiz, and Wu (1999) but also Sect. 1.5.1).

The structure function (see Eq. 50), combined with the use of Haar wavelets, was used
to compute the minimum variability timescale (Sect. 3.2.8), which is the shortest timescale at
which a GRB exhibits uncorrelated temporal variability (Camisasca et al., 2023b; Golkhou and
Butler, 2014; Golkhou, Butler, and Littlejohns, 2015; MacLachlan et al., 2013; Maccary et al,,
2025). The different methods used to compute the minimum variability timescale, as well as
their application to gaining clues about GRB progenitors, are detailed in Chapter 3.

1.9 CONCLUSIONS

For nearly 30 years, the origin of GRBs remained unknown, owing to the poor localisation
capabilities of early instruments. Two competing scenarios were proposed: a galactic origin
and an extragalactic one, implying radically different energy budgets. The observation of
the isotropic sky map of GRBs by BATSE tipped the balance towards an extragalactic origin,
although the question remained unsettled until the first direct measure of the GRB distance.

With the launch of BeppoSAX and the first GRB redshift measurement with GRB 970508,
the debate was finally settled: GRB sources are cosmological, requiring a energy budget of
10*7=31 erg, achievable only by extraordinary events such as the collapse of a massive star, or
the merger of two compact objects.

Starting in 2004 with the launch of Swift, the observation of the early X-ray afterglow re-
vealed new features, such as a shallow decay phase and flaring episodes. The former feature
was interpreted in various ways, some of which suggested an extended central engine activity.
An event observed by Swift in 2006, namely GRB 060614, a SGRB with subsequent extended
emission showing evidence of a collapsar origin, called into question the previously estab-
lished classification scheme between short and long bursts.

In 2017, the first GW detection associated with a SGRB and its optical counterpart, AT2017gfo,
marked a milestone. This discovery identified BNS mergers as the main sources of heavy ele-
ments production via the r-process and marked the birth of the multi-messenger astronomy.

In 2022, the brightest GRB ever recorded, GRB221009A was detected. Its broad multi-
wavelength emission, extended up to very high energies, provided clues on several aspects of
the GRB physics, including jet structure and high-energy emission mechanisms. In 2021 and
2023, two LGRBs originating from COMs were observed, confirming the peculiar nature of
the 2006 event. These bursts shared distinctive temporal properties, suggesting the existence
of a subclass of LGRBs produced by mergers.

In 2024, the Sino-French mission SVOM was launched. Thanks to its capability for rapid
X-ray and optical follow-up, SVOM is significantly increasing the number of well-localised
bursts with measured redshifts. Einstein Probe is revealing that the event in X-rays can start
before the y-ray emission and last much longer.

If THESEUS is launched, it will likely unveil a new population of GRBs, including high-
redshift and X-ray-rich events whose main emission is softer than that typically observed with
current instruments. This would open a new observational window on the early Universe,
enabling the detection of high-redshift galaxies otherwise beyond our reach.

What has the study of timing and temporal variability brought to this field? From
the very beginning of their discovery, the temporal properties of GRBs were key to associ-
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ating GRBs with extremely compact sources. They also posed a theoretical challenge with
the compactness problem, whose resolution required the prediction of an ultra-relativistic
jet. The study of the GRB temporal structures, and the absence of significant temporal evolu-
tion within them, favoured an internal origin for the prompt emission over external-shocks
models. Later on, the analysis of temporal variability, including the measurement of the spec-
tral time lag and minimum variability timescale, proved critical to distinguish LGRBs arising
from COMs from the bulk of collapsar events, as demonstrated, for example, with the cases
of GRB211211A and GRB 230307A. As we will discuss later (see Sect. 3.3.2), the recent obser-
vation of peculiar temporal properties in GRB 230307A further highlights the importance of
variability studies. These features not only challenge current GRB emission mechanisms but
also offer a promising way to identify such events directly from their y-ray time profile.
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Although the origin of the GRB prompt emission is still an open issue, it is likely the result of
a complex interaction between the different components of the jet that is launched by the cen-
tral engine, either a hyper-accreting black hole or a magnetar. Lying at the edge of instability,
the system would release its energy in a non-linear way, unstable episodes corresponding to
intense emission periods and stable ones to quiescent times. The very peculiar shape and di-
versity of GRB LCs motivate their study in the dynamical system framework. Similar features,
such as intermittency and non-linear energy release, can be found in other kinds of systems,
such as the solar magnetosphere, or Earth’s tectonic plates. These systems are usually ruled
by self-organised criticality (SOC). Can a SOC dynamics describe GRBs and their irreversible
evolution too? This is the object of this chapter.

2.1 WHAT IS SELF-ORGANISED CRITICALITY?

Self Organised Criticality (SOC) represents a peculiar type of dynamics that was proposed in
the early 1980s to explain the occurrence of a PL distributed PDS (so-called coloured noise) in
certain dynamical systems (Bak, Tang, and Wiesenfeld, 1987). These systems spontaneously
reach a critical point at which energy is released in a non-linear and intermittent way, through
avalanche episodes. SOC has been applied to various fields, including biology (e.g. Vidiella,
Guillamon, and Sardanyes 2021), neurosciences (see Plenz et al. 2021 for a review), economics
(Bouchaud, 2024), geology and Earth sciences (Sect 2.1.3), and astrophysics (Sect. 2.2).

2.1.1  The origin of self-organised criticality: the sand-pile model

SOC was first illustrated by the example of a sand pile onto which some sand grains are
steadily added to the top (Fig. 34). As the sand pile slope grows, it eventually reaches a
threshold above which the system cannot sustain mechanical equilibrium. Above this thresh-
old, the system releases energy through avalanches to restore the lost equilibrium. As other
sand grains are added, the process indefinitely repeats, the system releasing energy through
avalanches whenever it exceeds the instability threshold.

2.1.2  Cellular automata model

This model is known as the Bak-Tang-Wiesenfeld (BTW) sand-pile model. Although real ex-
perimental setups of sand piles, and rice-pile avalanches were originally conceived, SOC was
primarily observed in lattice-based simulations, known as cellular automata simulations (see
Creutz 1996; Turcotte 1999 for a review). These are simple computer simulations that, using
simple evolution rules based on the interaction between nearest neighbours, can mimic the
behaviour of a complex non-linear system and recover its global properties. An example of
such systems is the 2D BTW sand-pile model (Bak, Tang, and Wiesenfeld, 1987, 1988). This

47
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Figure 34: Left panel: the system is in a sub-critical state, and no avalanches are observed. Right panel:
the system enters into the critical state, resulting in avalanches. From Aschwanden (2013).

system is represented by a 2D checkerboard, in which each cell at position (i,j) is charac-
terised by a certain amount of sand z; ;. This system evolves according to simple rules: (1) at
each step one sand grain is added at a random position, (2) whenever the number of sand
grains exceeds z. = 4 at some position (i,j), the sand grains are redistributed to the four
closest neighbours at positions (i +1,j = 1). When (2) occurs, it can cause the relaxation of
other cells, triggering therefore an avalanche that stops when all the cells reach a sub-critical
condition (here z; ; < 4). The distribution of avalanche sizes then follows a PL. The evolution
of the system is therefore given by this simple algorithm:

zij — zij+1, (30)
Zij — Zij —4,if Zi j >z. =4, (31)
Zi+1j+1 — Zi+1,j+1+ 1 for each nearest neighbour. (32)

The evolution of the system is described in Fig. 35. Cellular automata numerical simulations
with nearest-neighbour interactions were also used to address meaningful physical problems,
such as the formation of earthquakes with the slider-block spring model (Sect. 2.1.3), solar
flares (Sect. 2.2.1), and BH accretion-disc systems (Sect. 2.2.2).

2.1.3 Self organised criticality and earthquakes

Earth’s outer layer is made of huge pieces called tectonic plates: these plates are always moving
but sometimes get stuck (stick-slip motion) at their boundaries because of friction. When
pressure builds up enough, the plates suddenly slip and release energy. The released energy
propagates as shock waves, triggering a sudden shaking of the ground commonly known as
earthquakes®. The number of earthquakes with magnitude M is given by the Gutenberg-Richter
law (Gutenberg and Richter, 1944):

logN =a—bM, (33)

with b close to 1. The energy of an earthquake is linked to its magnitude by a similar relation
(e.g. Bath 1955):

logE =c+ dM. (34)

1 https://www.usgs.gov/programs/earthquake-hazards/science-earthquakes
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t=6
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Figure 35: Example of an avalanche in a two dimensional BTW sand pile computer simulations. The
initial state of the sand pile at time t = 1 is sub-critical, since none of the states z; ; overcomes
the critical threshold z. = 4. At time t = 2, a sand grain is dropped in the middle of the
sand pile, triggering an avalanche of subsequent topplings. At times t = 3 and t = 4, two
topplings occur in the same time step. At time t = 9, the sand pile regains its stability and
the total avalanche size is shown a white polygon, encompassing 8 pixels (adapted from
Bak 1996, p.53). From Aschwanden (2013).

The combination of the two previous equations leads to a PL scaling of the energy released
by earthquakes:

N(E) x E7F, (35)
b

with T = 3.

The sliccller-block spring model, first introduced by Burridge and Knopoff (1967), is a me-
chanical model used to mimic the tectonic of plates and model earthquakes. The model is
made of two plates, with one being pulled with a constant force, and a set of masses con-
nected to each other by springs of constant k. and by springs of constant k;, to the upper
plate (Fig. 36 ).

This system, owing to some pulling force, is going through a stick-slip motion: a given
block is pulled by the spring connected with the upper plate and moves when the pulling
force exceeds the friction force Fs. When moving, the dynamical friction F4 is slower than the
static one. Being coupled to other blocks, when the block slips it triggers the slipping of a
certain number of neighbouring blocks, provoking therefore an avalanche-like chain reaction
of events through which the system releases the energy accumulated during the sticking
phase.

Such kind of systems are governed by the ratio between static and dynamical force @ = I]EE_Z

and the ratio o« = ]E—C ruling the stiffness of the system®. A certain number of numerical
P

2 A system with a small « is "soft" and no large events occurred. A system with a large o is "stiff" and the entire
grid of slider blocks are correlated: large slips including all blocks of the system occur regularly.
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Figure 36: Sketch of the slider-block spring model of Burridge and Knopoff (1967). An upper plate,
moving with a velocity V, is connected to a lower plate by a series of mass with a spring
constant k. The masses are connected with each other by springs of spring constant k.
From Turcotte (1999).

simulations were performed, in which the occurrence frequency distribution of events as a
function of number of blocks that slip was studied (see e.g. Brown, Scholz, and Rundle 1991;

Carlson and Langer 1989a,b; Huang, Narkounskaia, and Turcotte 1992; Nakanishi 1990, 1991;
Otsuka 1972) and exhibit a PL form (Fig. 37).

Q
(=]
a
od 4
I
=
EQ a=10
o === a=ib
E [ a=20 e
= - = a=30 u\'« - 4
== == a=40 iy,
< g
'ﬂ? r =——— Slope=-1.738 [
=
n" | 5 § i i
I
0.0 0.6 1.2 1.8 2.4 3.0

log{Ni)
Figure 37: The ratio of the number of events N with size Ny, to the total number of events N is
plotted against N¢. Results are shown for ® = 1.5 and « = 10, 15, 20, 30, and 40. From

Huang, Narkounskaia, and Turcotte (1992).

The mechanism building up earthquakes, in particular the sudden release of energy due to
the stress build up at the border of the system, illustrated by the slider block spring model
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of Fig. 36, and the observation of both the Gutenberg-Richter law in real earthquakes and
PL distributions in slider-block numerical simulations laid the foundation for associating
earthquakes with SOC (see Turcotte 1999 for a review).

2.1.4 The fractal-diffusive model of self-organised criticality

Another way to approach SOC, done in particular by Aschwanden (2014), is to use simple
probabilistic arguments to recover the PL indices describing the principal system properties.
The primary assumption of this model, known as the scale-free probability conjecture, is that the
avalanches occurring in a SOC system are PL distributed, i.e. following a relation of the type:

N(L) x L7¢, (36)

where L is a characteristic length scale of the system and d is the Euclidean dimension. From
this simple hypothesis, analytical scaling laws can be derived by making a simple change of
variable in Eq. (36).

By measuring the radius of the circular area delimiting the propagating avalanche as a
function of time for cellular automaton simulations (Aschwanden, 2012a) as well as for solar
flare data (Aschwanden, 2012b)3, one can establish that in SOC avalanches, the length and
temporal scales T are linked by:

Lo TR/2, (37)

where 3 is an exponent ruling the diffusion. A value of 3 < 1 corresponds to sub-diffusion,
B = 1 to classical diffusion, 3 > 1 to hyper-diffusion or Lévy flight, and B = 2 to linear
expansion (Fig. 38).

This yields the following scaling for the temporal scale:

dL
N(T) = N(L) ﬁ‘ o T, (38)
where:
ar =1+ @18 (39)

Similar scalings can be obtained for the fluence (E) and the flux (P) distributions, leading
to the values of the energy and peak luminosity distributions, given by Eq. (40) and Eq. (41)
respectively:

d—1

e
= D1 2/p

(40)

The radial expansion of M- and X-class flares as a function of time phase has been measured by imaging instru-
ments onboard of the Solar Dynamics Observatory. This consists of an exponentially growing phase, followed by
a deceleration phase compatible with a sub-diffusive expansion ( < 1), slower than the diffusive one.
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Figure 38: Different type of expansion, as a function of the parameter 3. Linear expansion is obtained
for p = 2 and classical diffusion for 3 = 1. Sub- and super-diffusion regimes are obtained
for B < 1Tand 3 > T, respectively. Reproduced from Aschwanden (2012b).

where Dy ~ 154 is the so-called fractal dimension*. The peak flux (or equivalently the peak

luminosity) distribution is ruled by:
d—1

ap =1+—— (41)

In the case of a 3-dimensional SOC region (d = 3) case with normal diffusion ($ = 1), the
set of values a1 = awt® =2, g = 3/2, ap = 5/3 is expected.

2.2 SELF-ORGANISED CRITICALITY IN ASTROPHYSICS

SOC models in astrophysics became popular because of their ability to account for wide
PL distributions, such as those observed in solar flares energies and peak fluxes, which are
observed over several decades (Fig. 39). Their use is now not limited to solar flares but is
extended to a wide range of astrophysical systems (see Aschwanden et al. 2016 for a review).

2.2.1  Self-organised criticality in solar flares

Solar flares are very energetic phenomena happening in active regions of the Sun, charac-
terised by an intense magnetic activity (see Fletcher et al. 2011 for a review). They release up
to 1032 erg in a few minutes. Magnetic energy is dissipated via magnetic reconnection events

Another important property of systems governed by SOC is the presence of fractal geometry (also linked to the
notion of self-similarity and PL distributed quantities), characterised by structures repeating at arbitrary small
scales.

The indices of the waiting time and duration distributions, when there is no pile-up, are usually thought to be
equal: awt = 7.
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into heating of thermal plasma and acceleration of particles. These accelerated particles radi-
ate across the entire electromagnetic spectrum, from radio to gamma-rays. This high-energy
emission was tracked during the period 1980-1989 by the Solar Maximum Mission, which de-
tected solar flares in hard X and y rays (Bohlin et al., 1980). The distribution of peak rates
at these energies exhibits a perfect PL behaviour over four orders of magnitude (e.g. Crosby,
Aschwanden, and Dennis 1993; Dennis 1985).
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Figure 39: Peak count rate occurrence frequency distribution obtained over 6,000 hard X-ray flares with
photon energies above 25 keV, recorded with the Hard X-Ray Burst Spectrometer (Orwig,
Frost, and Dennis, 1980) onboard NASA’s Solar Maximum Mission during 1980-1989. The
distribution follows a PL with a slope of « ~ 1.8 over 4 orders of magnitude. From Dennis

(1985).

Flares of smaller sizes, so-called microflares (e.g. Christe et al. 2008; Lin, Feffer, and Schwartz
2001) and nanoflares (e.g. Aschwanden and Parnell 2002; Krucker and Benz 1998) , were de-
tected afterwards at lower energies, in soft X-rays (SXRs) and extreme (EUVs), respectively.
These detections extended the observed PL behaviour, which cover eight decades. Very recent
results from Aschwanden and Schrijver (2025) show that stellar superflares from G-type stars
can even further extend the PL behaviour up to 13 decades.

The omnipresence of PL distributions observed in several solar flares properties again led
solar physicists to consider the SOC framework as a plausible explanation for solar flares (see
Charbonneau et al. 2001 for a review).

Within this picture, the coronal magnetic field enters a SOC state. The photospheric con-
vective motions disrupt the orientation of the coronal magnetic field lines, playing a role
analogous to the random addition of sand grains in the SOC sand-pile model. According to
Parker (1988), magnetic reconnection occurs when the angle between misaligned magnetic
field lines reaches a critical value, in a similar way to avalanches that occur when the sand
pile reaches a critical slope. Solar flares, equivalent to sand avalanches, are thus interpreted in
this framework as the result of numerous small-scale reconnection events taking place within
the highly stressed coronal magnetic field.
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Lu and Hamilton (1991) proposed a cellular automata numerical model to reproduce the
observed properties of solar flares. In this model, where a 3-D grid represents the solar corona,
characterised by a magnetic field strength Bjjx in each volume element characterised by the
coordinates 1, j, k with a local magnetic field gradient 8B defined by the difference between
the local magnetic field and the average of its six nearest neighbours Bnn:

1
AB =Bijk— 2 ) Ban. (42)
nn

A small magnetic field 8B is progressively added at random positions of the grid. The
magnetic field becomes locally unstable to magnetic reconnection when the difference with its
neighbour exceeds a critical threshold, [8B| > B, , similar to the magnetic discontinuity angle
suggested by Parker (1988). When the threshold is reached, the magnetic field is redistributed
according to Egs. (43) and (44):

1

B{jx — Bijk — 7AB, (43)
, 1
Biin = Bnn +5AB, (44)

so that the average gradient vanishes, 8B — 0. The redistribution of magnetic field can trigger
other cells to become unstable, creating an avalanche of reconnection events. Each reconnec-
tion event dissipates the magnetic energy quantity given by Eq. (45)

2
AE = B'Uk+ZB’m—< Uk+ZBZ) © AB2. (45)
nn

The released energy E and peak fluxes P are PL distributed, according to N(E) E-'4 and
N(P) o« P18, which is in agreement with the observed distribution of hard X-ray flares
N(P) «x P~ 167004 and N(E) «x P13 (Crosby, Aschwanden, and Dennis, 1993; Dennis,

1985).
2.2.2  SOC in BH accretion-disc systems

Another class of astrophysical systems where evidence for SOC has been reported are accretion-
driven sources, including AGN discs (Kunjaya et al., 2011; Lawrence and Papadakis, 1993;
Leighly et al., 1997; Uttley and McHardy, 2005), X-ray binaries (Kennedy et al., 2018; Wang et
al., 2017; Zhang et al., 2022b), and blazars (Ciprini et al., 2003; Li et al., 2015; Wang et al., 2015;
Yuan et al., 2018). For instance, the X-ray emission of Sgr A* shows two distinct components:
a steady quiescent state and a flaring activity whose fluence distribution follows a PL with in-
dex dN/dF oc F~1:69%0.17 (Lj et al., 201 5). In high-mass XRBs, the duration, waiting time, peak
luminosity, isotropic energy, and mean luminosity of X-ray flares are also distributed as PLs
with indices in the range 1.0-1.9 (Zhang et al., 2022b). Finally, in blazars, the optical variability
of GC 0109+224 exhibits a PL power density spectrum P(f) oc f~%, with 1.57 < « < 2.05, and
the peak fluxes follow a PL distribution N(P) oc P~1->> (Ciprini et al., 2003).
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On a theoretical level, Mineshige, Ouchi, and Nishimori (1994) conceived a cellular-automaton

model similar to the original BTW sandpile model, applied to the geometry of a BH-accretion
disc system (Fig. 40). In this model, gas particles are randomly injected into the inner portions
of the disc surrounding the BH. When mass density locally exceeds a critical value, matter
is forced to drift inwards to adjacent cells via some instability, which can also occur by grad-
ual diffusion. The gravitational energy lost by the inwards-drifting particles is released as
X-ray luminosity®. After many iterations, the system evolves into a SOC state where each cell
mass lies just below the critical mass, i.e. on the edge of instability. PL distributions of en-
ergy D(e) e 28 and duration D(t) « T ' are recovered, as well as a 1/ power density
spectrum, capturing the principal SOC properties.

Inflow

Disk Atmosphere

Disk Main Body

Figure 40: Mineshige’s SOC model of BH-accretion disc system. Particles drift inwards to adjacent
cells whenever the cell mass exceeds a critical mass. The difference of gravitational energy
induced by the drift is released into X-ray radiation. From Aschwanden (2013).

2.2.3 Self-organised criticality in gamma-ray bursts

Evidence for a SOC behaviour has been claimed in GRB X-ray flares observed during GRB af-
terglow by Wang and Dai (2013). They used 83 X-ray flares observed by the Swift satellite, after
8 years of observations (Sect. 1.1.4), and measured their released energy, duration, and wait-
ing time distributions. The PL indices of the X-ray flare duration and of the released energy
distributions were compatible with the fractal-diffusive SOC model described in Sect. 2.1.4,
provided that d = 1, whereas it is d = 3 for solar flares (Fig. 41). SOC and GRB X-ray flares
were further investigated by Wei (2023), who also analysed the return distributions and mod-
elled them with a g-Gaussian function. While SOC provides one possible explanation for the
PL distributions observed in X-ray flares, these features can also be well reproduced by a

The X-ray luminosity Lx resulting from such a mass transfer event is assumed to be approximately proportional
to the change in gravitational energy AEgray.
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Figure 41: Left panel: waiting times frequency distributions for the 11,595 solar flares observed by the
solar mission RHESSI (Lin et al., 2002) between 2002 and 2007. The best-fit PL index is
—2.00 & 0.05. Right panel: Same but for 83 GRB X-ray flares. The best-fit PL index is —1.10 +
0.15. From Wang and Dai (2013)

variable Poisson process, in particular the waiting times distribution (Guidorzi et al., 2015).
Evidence of SOC behaviour in GRB prompt emission was also investigated (Li and Yang,
2023; Li et al., 2023; Lyu et al., 2020), with similar conclusions. Lyu et al. (2020) used 454
pulses from 93 GRBs observed by CGRO/BATSE and measured their released energy, peak
flux and duration distributions. They obtained that these distributions were compatible with
SOC provided that d = 3, which contrasts with the results obtained for GRB X-ray flares. Li
and Yang (2023) used a sample of GRB precursors from the third Swift/BAT catalogue (Li
and Mao, 2022) and computed the distribution of peak flux and duration, and found a com-
patibility with a SOC model provided that d = 3. Li et al. (2023) analysed a sample of short
GRBs from CGRO/BATSE, studying the peak flux and pulse FWHM distribution, finding a
compatibility with SOC model, withd =3 and 3 = 1.

Recently, the SOC hypothesis was investigated within two single exceptional GRBs, with
GRB 221009A at Tev energy (Zhang et al., 2025b), and GRB 230307A (Zhang et al., submitted).

Cellular-automata simulation models as those performed for solar flares and BH accretion
disc systems are still lacking in the GRB case. One interesting attempt was made by Danild,
Harko, and Mocanu (2015), that implemented the magnetic induction equation in two dimen-
sion in the MHD approximation framework. They showed that two-dimensional magnetized
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plasma with a background flow system exhibits a SOC behaviour. This model was applied

and compared to real GRB LCs. Overall, despite the absence of a SOC model expressly con-

ceived for GRB engines, which would require some ad hoc relativistic MHD simulations, one

may note that the SOC mechanism could be compatible with the turbulent avalanche-like re-

connection events triggering GRB emission in the ICMART (Sect. 1.5.4) model of Zhang and
Yan (2011).

2.2.4 Our work: Distributions of energy, luminosity, duration, and waiting times of gamma-ray burst
pulses with known redshift detected by Fermi/GBM

Our work aimed to investigate the presence of SOC in the GRB prompt emission, computing
the energy, peak luminosity, waiting times, and duration distributions of the individual pulses
building up the GRB LC and modelling them with PL or broken PL functions.

In this work, we used a sample of 142 type-II GRBs with spectroscopically known redshift
that were carefully selected by sifting through the GCN notices and dedicated studies, when
available. Relying solely on robust spectroscopic redshift measurements was fundamental
since photometric ones are more uncertain and can lead to widely incorrect estimates of
the energetics of the burst. We then identified, using a dedicated peak-detection algorithm
(MEPSA, Guidorzi 2015), the individual pulses building each GRB time profile and measured
the energy and luminosity contained in each individual pulses, as well as their durations and
temporal separations (waiting times). Each pulse was then modelled by the pulse template
described in Norris et al. (1996). The peak luminosity and isotropic-energy were computed by
converting the peak rates (resp. peak total counts, integrated over the pulse duration) of each
pulse into a peak flux in erg cm™2 s™* (resp. fluence in erg cm™?), using a conversion factor
obtained by computing the ratio between the GRB fluence and the corresponding counts.

Selection effects, also referred to as the Malmquist bias, tend to produce an overabundance

of bright events (since they can be observed at larger distances) and a scarcity of faint events.

In principle, unaccounted-for selection effects could bias this kind of analysis, as the observed

low-energy tail is affected by the instrument sensitivity, thus creating an artificial rollover.

To properly account for these effects, a non-trivial simulation of the detection process was
required. In particular, one needs to compute the detection efficiency as a function of energy
n(E), which requires to divide the GRB sample in bins of redshift, to account for the different
detection efficiency 1n,(E) in each redshift bin” (Fig. 42). Such careful study of the selection

effects in this kind of analysis was performed for the first time in our work, Maccary et al.

(2024b).

After having accounted for the selection effects, we were able to perform a fit of the ob-

served distributions. To this end, we simulated PL and BPL distributions, and we simulated
the selection effects, applying the method described above, and performed a x? fit. We showed

that, even after accounting for the selection effects, a BPL is required to correctly fit the ob-
served data. The PL indices of the four distributions® studied in our work (Ejs, Liso, duration,

and WTs) are given by:

7 For instance, a pulse with energy 10°! erg at a redshift z = 0.1 has a fluence of 4 x 107> erg cm—2 which is
significantly larger than the instrumental limit, while the same pulse at z = 1 has a fluence of 4 x 1077 erg cm 2,
very close to the instrumental limit (a few 10~/ erg cm™2). Faint pulses with this energy are therefore not observed
at larger distances, inducing an observational bias.

8 Since we used a BPL model, these indices are actually given by the post-break PL index of the BPL distribution.
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Figure 42:
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Simulated distributions of Ejs,, depending on whether selection effects due to detection
efficiency are considered (orange) or not (blue). The nine panels refer to increasing redshift
bins (left to right, top to bottom). The blue distribution was drawn assuming dN/dE;s, o<
Elgoz Vertical dashed lines mark the 50% detection efficiency: pulses with lower values of
Eiso, highlighted by the gray area, are therefore hampered by a low detection efficiency.
For the sake of clarity, 10° pulses were simulated in each redshift bin. Reproduced from

Maccary et al. (2024b).
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The four observed distributions and the corresponding simulated distributions are reported
in Fig. 43. The conclusions of our work are that the PL indices of the four distributions
considered are compatible with the predictions of SOC theory (given by Egs. 39, 40, 41, Fig. 44)
for d = 3, although we noted the presence of an energy/luminosity break that could not be
entirely accounted by the selection effects. This work, published in the Astrophysical journal,
is reported in Appendix A.7 of this thesis.
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Figure 43: From top to bottom, left to right. Eiso, Liso, duration, and waiting times distribution of indi-
vidual pulses observed during prompt emission. The black line and the grey histograms
represent the density function and predicted counts obtained by sampling a BPL probabil-
ity density function. Red and orange points represent the observed and simulated (after
having accounted for the selection effects through the process described in Fig. 42) counts.
Adapted from Maccary et al. (2024b).

2.2.5 Discussion of the compatibility of SOC with GRBs

Magnetic reconnection events, triggered by some kind of magnetic instabilities, are often
invoked to explain the PL character of GRB energy and waiting time distributions, similarly to
what is seen in solar flares. While the dynamics could indeed share some similarities with the
GRB case, the latter case is much more complex, being the result of an irreversible evolution:
the progenitor is destroyed and the energy supply is rapidly exhausted. The question of
whether SOC could manifest as well in such transient systems marked by an irreversible
evolution remains still open.

Furthermore, SOC suffers from some controversies (see Watkins et al. 2016 for a review). In
fact, while it is generally true that a system governed by SOC is marked by the appearance
of PLs, observing PL distributed variables in a physical system is not a sufficient condition
to prove that a system is governed by SOC, as other mechanisms could also lead to PL dis-
tributions, such as the case of waiting time distribution for a time-varying Poisson process
(Guidorzi et al., 2015).

2.3 CONCLUSIONS

In our work, we tested the possibility that GRBs could be compatible with SOC dynamics. We
proved that this is a plausible hypothesis, although we do not exclude alternative scenarios

[January 29, 2026 at 15:00 — classicthesis]

59



60 SELF-ORGANISED CRITICALITY AND GRBS

ae ap 2.6 ar 2.6 awr
2.0
2.01 2.4 2.4
1.8
I I 2.2 2.21
1.8 1.61
20 ==@ 8 === 20F=—=—@F——-
1.4
1.61 1.81 1.81
[ - 1.2
1.6 1.6
2.5

el ]

2.00+
00 2.0 =———F$-

1.751 i____Li s | I 20¥5_l_I_:

1.50
1.50 1.51 1.51
1.251
1.251 1
1.00p=sufuemunnnn 10rssnaquumnnsn 1O0rsnnnnnnnnnny
100Fssssnunnnnns
S-g£=0¢g © = S L o=fsxs=¢g
ko]
]

Figure 44: Top panels: violin plots showing the PL indices of energy, peak luminosity, duration, and
waiting times distributions obtained in our work. Bottom panels: our results are compared
with past studies from L2o (brown, Lyu et al. 2020), LY23 (cyan, Li et al. 2023), WD13 (blue,
Wang and Dai 2013), W23 (green, Wei 2023), G15 (pink for GBM data, purple for BAT data,
and orange for BAT-X data, Guidorzi et al. 2015), Ggg (soft gamma-ray repeater from a mag-
netar, yellow, Gogiis et al. 1999), WD13 (solar flares, black, Wang and Dai 2013), A11 (solar
flares, red, Aschwanden 2011). SOC predictions for d = 3 and d = 1 (Sect. 2.1.4) are shown
with dashed and dotted lines, respectively. The grey region marks the boundary between
GRB and non-GRB phenomena (soft gamma-ray repeaters, solar flares). From Maccary et al.
(2024b).

that could account for the PL distributed properties observed in GRB prompt emission. If
GRBs were indeed governed by SOC, this would constrain the physical mechanisms involved
in the prompt emission and the way the central engine releases its energy over time. In par-
ticular, it would imply that the system powering the GRB emission operates close to a critical
regime, which is an important constraint that theoretical models of GRB prompt emission
must take into account in their formulation. The presence of SOC in GRBs would indeed
provide a very precise picture of how the system releases its energy: that is, reaching sponta-
neously (this being precisely the meaning of "self" in self-organised criticality) a critical point.
This represents a major constraint on the nature of the central engine capable of powering
GRBs, as well as on the origin of the underlying instability, whether hydrodynamic, mag-
netic, or related to the accretion disc dynamics. Further progress on this hypothesis would
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require more detailed simulations, including full general-relativistic magnetohydrodynamic
treatments. Nevertheless, this work laid the groundwork for such investigations by providing,
for the first time, an analysis based on a GRB sample with reliable redshift measurements,
analysing directly the intrinsic quantities (energy, luminosity, instead of simply fluence or
peak flux), with a detailed and accurate treatment of the selection effects. This study led
to the publication of an article published in the Astrophysical journal, which is reported in
Appendix A.7 of this thesis.
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A COMPREHENSIVE VIEW OF THE PROMPT EMISSION THROUGH
TEMPORAL VARIABILITY

The prompt emission, from a time-series point of view, is highly complex and remarkably
diverse. In particular, GRB LCs display a wide range of different timescales, each potentially
revealing different aspects of the GRB phenomenon, from the activity of their central engines
to the nature of their progenitors.

The most notable timescale is the duration of the burst, which was originally used to dis-
tinguish between two kinds of GRB progenitors, although several exceptions have shown the
limitations of this classification. In many cases, the burst duration is not the only observable
timescale. Indeed, GRB temporal profiles can feature multiple episodes of variability, possibly
governed by distinct timescales, often without any apparent regularity. These episodes could
either track directly the variability of the central engine in some models, or be influenced
by other factors such as the interaction between the jet and the stellar environment, or the
geometry and the jet structure, or be governed by local properties within the emission region.

Moving to the shortest timescales, very brief variability episodes lasting only a few mil-
liseconds are sometimes observed. In this respect, the minimum variability timescale (MVT)
represents a useful indicator of the nature of their progenitors. Extremely small MVT val-
ues, of the order of a few tens of milliseconds, are mostly associated with events produced
by COMs rather than collapsars, even when their overall duration deceptively exceeds the
conventional 2 s threshold.

Ultimately, the apparent absence of any deterministic evolution in the timescales governing
the variability episodes has long been considered a pillar of current GRB emission models,
such as the internal shocks scenario. If such an evolution were observed, its implications
for the emission mechanisms would have to be considered, potentially opening the way to
alternative scenarios.

3.1 TWO TEMPORAL VARIABILITY COMPONENTS OF GRB LIGHT CURVES

Two variability components have been identified in GRB time profiles. We investigate here
how these components were identified and what they may reveal about the GRB central
engine and the interaction between the jet and its stellar environment.

3.1.1  Evidence for two variability components in GRB light curves

During the era of GRBs observed by the WFCs onboard BeppoSAX (Sect. 1.1.3), two compo-
nents, referred to as slow and fast, with different variability timescales were identified (Vetere
et al., 2006). Some time profiles displayed narrow peaks superposed on a slowly evolving
pedestal, and the slower components were generally found to be spectrally softer than the
fast ones (Fig. 45).
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Figure 45: X-ray LCs of GRBo10222, as observed by the BeppoSAX/WEFCs in three different energy
ranges (2-5, 5-10, and 10-26 keV). The panels on the left show the total counts and the iden-
tified slow component. The panels on the right show the corresponding fast components,
obtained by subtracting the slow component template. From Vetere et al. (2006).

The drawback of the technique employed in this study was the difficulty of separating the
slow and fast components unambiguously. A bi-modality in the width of the autocorrela-
tion function was also observed in WFC bursts (Borgonovo et al., 2007), with GRBs showing

narrow and broad widths (Fig. 46).

narrow
broad

T [s]

Figure 46: Autocorrelation functions calculated in the source rest-frame for a sample of 13 GRBs de-
tected by the WFCs in the 2-28 keV energy band, as a function of the time lag corrected for
cosmic dilation. The "narrow" and "broad" classes are shown in grey and black, respectively.

From Borgonovo et al. (2007).

Other methods to study the slow and fast components were used, such as the so-called
stepwise filter correlation method (Gao, Zhang, and Zhang, 2012). This method is based on

[January 29, 2026 at 15:00 — classicthesis]



3.1 TWO TEMPORAL VARIABILITY COMPONENTS OF GRB LIGHT CURVES

the use of a low-frequency filter, in particular the Butterworth filter. This method consist
in applying the filter, using a wide range of cut-off frequencies between fnin and fmax, to
remove high-frequency fluctuations, generating a sequence of residual LCs (RLC). For each
pair of successive filtered signals (RLC;, RLC;i.1), the Pearson correlation coefficient between
the two LCs is computed. For a given cut-off frequency, if no temporal power is present at
this frequency, the Pearson correlation coefficient obtained for the couple (RLC;, RLCi41) is
high, whereas a significant drop in correlation (a "dip") indicates that a notable portion of
the variability has been filtered out around that frequency. Plotting the correlation coefficient
versus cut-off frequency therefore reveals characteristic timescales in the signal, allowing one
to distinguish slow from fast components.
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Figure 47: Left panels: BATSE LCs of GRB 910430, GRB 940228A, and GRB 940414B. Right panels: Pearson
correlation coefficients between pairs of filtered LCs as a function of the cut-off frequency.
A temporal structure of timescale At in the LC corresponds to a dip in the correlation curve
at frequency ﬁ. From Gao, Zhang, and Zhang (2012).
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The presence of two variability components in GRB prompt emission can also be studied
in Fourier space, using the PDS, as described in Sect. 1.8.3. In particular, the PDS slope is
connected to the relative strength of the fast component (t < 1 s) in the GRB time profile:
when the fast component is dominant, the PDS is shallow (x < 2) and does not show any
break. On contrary, when the fast component either weak or missing, the PDS is steep (x > 2),
with or without a break in the range 0.01 — 1 Hz (Fig. 48). Moreover, when a PL break is found
in the PDS, the frequency break fy, is associated with a dominant timescale T = 27:7%’ which
defines the typical timescale observed in the LC.
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Figure 48: Typical PDS shape observed in GRBs. The top panel represents a steep PDS with a low-
frequency break, characteristic of a dominant timescale. This kind of PDS is typically as-
sociated with GRBs without a fast variability component. In the bottom panel is shown a
shallower PDS, without low frequency break, typical of GRBs exhibiting power on short
timescales. From Dichiara et al. (2016).

In the following sections (Sect. 3.1.2 and Sect. 3.1.3), we will show that the presence of two
variability components can be probed through the statistics of the number of peaks.

3.1.2  Quantifying variability with the MEPSA algorithm

MEPSA (Multiple Excess Pattern Search Algorithm; Guidorzi 2015) is an algorithm designed
to detect peaks within a time series that is affected by uncorrelated Gaussian noise. This is

[January 29, 2026 at 15:00 — classicthesis]



3.1 TWO TEMPORAL VARIABILITY COMPONENTS OF GRB LIGHT CURVES

typically the case of GRB LCs from Swift/BAT or Fermi/GBM". The algorithm operates by
scanning the LC at different time resolutions and applying a set of 39 patterns to each time
bin. If a bin satisfies the criteria of one or more patterns, it is identified as a peak. It provides
a set of parameters that characterise the peaks and, consequently, the variability of the LC.
These include, for a given peak:

the peak time t,,, i.e. the time bin at which the peak is detected, with its associated peak
rate P, and corresponding peak rate uncertainty AP;;

the detection timescale Atge, defined as the time scale at which the peak is identified,
corresponding to an integer multiple of the original bin width, along with its associated
rebin factor;

the number of the pattern that detected the peak;
the S/N ratio associated with the peak, which also provides its statistical significance;

The number of adjacent bins N,gj,c involved in the pattern that detected the peak.
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Figure 49: GRB11017A LC (in red), as observed by Fermi/GBM, binned at 64 ms (8-1000 keV). The

single peak detected by MEPsa in this case is shown by a black dot with its associated error
bar. The peak time t, and the peak rate R, are indicated by the vertical and horizontal
blue dashed lines, respectively. An inset is made around the peak time to show the detec-
tion timescale Aty (grey shaded region), which is 320 ms in this case (rebin factor of 5).
Superimposed to the red 64 ms-LC curve is shown in shaded grey the LC rebinned at the de-
tection timescale. N,gioc = 7 in this case, which corresponds to the number of bins involved
in the pattern used to detect this peak (the 14 in this case). The statistical significance of
this peak, given by the S/N, is around 34.

1 In the case of Fermi/GBM, LCs are actually affected by Poisson noise. In the high count regime (count rate
> 1 cts/bin), a Gaussian is a good approximation for the Poisson distribution, therefore MEPSA can be applied.
When the count rate is close to 5 — 20 cts/bin, MEPSA can still be used, providing that the minimum S/N ratio
used to detect peaks is increased. However, in a very low count regime (count rate < 1—2 cts/bin) , MEPSA
cannot be used and one must use techniques based on the Poisson statistics (e.g. see Guidorzi et al. 2020 and also
Dilillo et al. 2024).
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The number of peaks within a GRB also reflects its degree of variability: GRBs with little
variability are characterised by only a few episodes of flux variation and thus by a few peaks,
whereas highly variable GRBs exhibit numerous peaks in their LC (Fig. 50).
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Figure 50: Examples of two GRBs displaying only 2 (left, GRB981203A) and 24 peaks (right,
GRBo10412), respectively, as observed in the 40—700 keV energy range with BeppoSAX/-
GRBM. The red points mark the identified peaks, while the dashed lines indicate the inter-
polated background. Despite their very different temporal structures, these two GRBs have
comparable fluence and peak flux. Reprinted from Guidorzi et al. (2024).

Counting the number of peaks within GRB time profiles therefore also provides a way to
quantify their temporal variability, as we will see in the next section.

3.1.3 The distribution of the number of peaks: new evidence for two variability components in GRB
light curves

The distribution of the number of peaks has been studied for the first time by Guidorzi et al.
(2024). MEPSA was applied to GRB LCs from CGRO/BATSE, BeppoSAX/GRBM, Swift/BAT,
and Insight-HXMT, and a distribution of the number of peaks within a GRB was built for each
of these instruments (Fig. 51).

It was shown that only a mixture of two exponential functions could accurately fit the
observed distribution, whereas a single exponential, a single or broken PL, or a stretched
exponential provides unsatisfactory fits. The mixture of two exponentials model can be ex-
pressed as:

f(n) = k(e_% + Ee_%), (46)

where k is a normalisation constant, § is a relative normalisation parameter, and n; (i = 1,2)
are the characteristic number of peaks per GRB of the ith component. The expected number
of peaks per GRB for the ith component is given by Eq. (47):

. o0 —n/-n_i ]
(1)y — Zn=17M€ _
<Tl > - ;{iﬂ e/ = 1 _e1/m (47)

and the fraction of GRBs belonging to the peak-rich component, w», is given by Eq. (48):

wy = k& Z e . (48)
n=1
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Figure 51: Distributions of number of GRBs per number of peaks for different catalogues: BATSE
(top left), Swift/BAT (top right), BeppoSAX/GRBM, (bottom left), and Insight-HXMT (bot-
tom right). Observed data and expected counts are shown in orange and blue, respectively.
All histograms have been grouped so as to ensure a minimum number of counts per bin.
Dashed lines show the best mixture model of two exponentials that fit each distribution.
Grey models are the result of a random sampling of the posterior distribution of the param-
eters as determined via Markov Chain Monte Carlo. Reprinted from Guidorzi et al. (2024).

Guidorzi et al. (2024) found that w; is consistently found around 20%, across the different
GRB data sets considered. This result holds despite their different energy passbands and
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effective areas, highlighting the robustness of the results.

This result implies that most GRBs only have a few peaks in their LC ((n(1)) ~ 2 —3), while

a few GRBs exhibit many peaks ((n?)) ~ 8 —10).

The number of peaks per GRB is also related to temporal variability. In fact, GRBs with
many peaks tend to have shallower PDS (Guidorzi, Dichiara, and Amati, 2016) and shorter
MVTs (Camisasca et al., 2023b). Therefore, the existence of two populations, peak-poor and
peak-rich GRBs, can be interpreted as additional evidence for the simultaneous existence of

GRBs with or without a fast variability component.

Number of peaks per GRB
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3.1.4 Our work: Distribution of the number of peaks within a long gamma-ray burst: the full Fer-
mi/GBM catalogue

We confirmed the results obtained in Guidorzi et al. (2024), extending the analysis to the
bursts detected by Fermi/GBM, one of the largest GRB catalogues available at the time of
writing. In particular, in this study we obtained around 9,000 pulses across over 3,000 GRBs.
The followed methodology was identical to that of Guidorzi et al. (2024). The distribution of
the number of peaks obtained in this work is reported in Fig. 52.

\ BN 50% CI
\ 90% CI
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S 10-2
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Number of peaks per GRB

Figure 52: Distribution of the number of peaks per GRB for the Fermi/GBM catalogue. The observed
and expected counts are displayed in orange and blue, respectively. The histogram bins were
grouped to ensure a minimum number of 15 expected counts per bin. The dashed black
line shows the best-fitting model of mixture of two exponentials. The blue and grey regions
respectively show the 50% and 9o0% model confidence interval obtained from sampling the
posterior distribution of the model parameters computed through Markov chain Monte
Carlo simulations. Reproduced from Maccary et al. (2024a).

As for the other datasets, the observed distribution is described correctly only with a mix-
ture of two exponential functions, as given by Eq. (46). The values derived for the parameters
(n{12)) (average number of peaks in the peak-poor and peak-rich families) and w, were con-
sistent with those obtained from the other instruments considered in Guidorzi et al. (2024)

(Fig. 54):
(ni) =2.107311,

(ny) =7.61 fg:gi,

wy = 0217597,
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This work therefore provides an independent confirmation of the results previously ob-
tained. Given the excellent statistics of Fermi/GBM, it was of paramount importance to test
this result on this data set. In this work, we also made a direct comparison with the results
obtained on Swift/BAT, showing a global consistency between the results obtained with the

two instruments.

Figure 53:

An = ngpm — NpaT
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Distribution of An = Np, ggm — Np par for three different thresholds on S/N: 5, 7, and 9.
Reproduced from Maccary et al. (2024a).

This work has therefore further demonstrated the robustness of the result obtained in
Guidorzi et al. (2024). This work, published in Astronomy & Astrophysics (Maccary et al.,
2024a), is reported in Appendix A.8 of this thesis.
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Figure 54: This figure describes our present results compared with those of Guidorzi et al. (2024). Top
panels, left to right: violin plots of the posterior distributions of the three parameters (n!1)),
(n(2)), and w;, respectively representing the expected number of peaks per GRB of the peak-
poor and the peak-rich classes, and the fraction of peak-rich GRBs obtained for the GBM
sample. The horizontal bars span 5-95% quantiles. Bottom panels, left to right: comparison
between the results obtained for the same parameters in this work, with those obtained by
Guidorzi et al. (2024) from other catalogues. Taken from Maccary et al. (2024a).

3.2 THE ORIGIN OF VARTABILITY IN GRBS

The origin of these two variability components remains unclear. It has initially been argued
by Vetere et al. (2006) that they could arise from two distinct mechanisms, with the slow
variability being the result of photospheric emission while the fast one could be due to non-
thermal emission resulting from IS. The variability could reflect the central engine activity,
as it is the case in the IS model (Sect. 3.2.1.1). In this respect, the observed timescale could
reflect the timescale associated with fluctuations in the accretion disc (Sect. 3.2.1.2) or with
the magneto-rotational instability (Sect. 3.2.1.3). The interaction between the jet and the sur-
rounding stellar material can also influence the observed variability, possibly erasing the
initial variability imprinted by the central engine, depending also on the composition of the
jet, especially its degree of magnetisation (Sect. 3.2.2). The fast component could be governed
by local properties of the emission region, especially in models of GRB emission based on
magnetic reconnections (Sect. 3.2.3).

3.2.1  Variability imprinted by the central engine

The observed variability may be a direct manifestation of the central-engine activity, as as-
sumed in the IS model.
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3.2.1.1 Internal shocks

In the IS model, the variability observed in the LC is a direct mirror of the activity of the
central engine. The number of peaks observed in the LCs corresponds to the number of
collisions within the relativistic wind and the time separations between them represent the
periods of inactivity of the central engine. The widths of the pulses are governed by three*
timescales: the cooling timescale, the hydrodynamical timescale and the angular spreading
timescale. The cooling timescale is the time it takes for electrons to cool. The hydrodynamical
timescale is the time that the reverse shock takes to cross the shocked shell. The angular
spreading timescale is given by the light travel time between on and off-axis photons. The
hydrodynamical and angular timescales correspond to the rise and decay times of the pulse
(e.g., Kobayashi, Piran, and Sari 1997), the decay being typically twice or three times larger
than the rise time.

Many uncertainties persist within the IS model, including variability. Bosnjak and Daigne
(2014) show that if the parameters governing the microphysics of the shocked region (e €y,
and ()3 are evolving with the shock conditions (in particular if ((e.) ~ €, with €, the energy
density of the shocked region?), then the IS model predictions are more in agreement with
the observed temporal properties, such as the pulse width evolution with energy, time lags,
and hardness/intensity and hardness/fluence correlations.

However, it remains unclear which IS model parameters rule the amount of temporal power
at short timescales. This could depend on different factors, such as the shell widths, the
ejection times tj and the corresponding Lorentz factor values I'(tj). In particular, the contrast
in Lorentz factors between the fastest and the slowest shells Inax/Tmin could play an important
role, influencing in turn the radiative efficiency.

Some studies did investigate these aspects, especially by computing the PDS predicted by
the IS model and investigating which parameters can produce the f~°/3 feature observed
in GRB PDS at the time (Beloborodov, Stern, and Svensson, 2000). Panaitescu, Spada, and
Mészaros (1999) also argued that a modulated wind helps to reproduce the PDS shape, while
it is not the case for a uniform Lorentz factor distribution. In Spada, Panaitescu, and Mészaros
(2000), the wind optical thickness is suggested to be a relevant parameter that is influencing
the shape of the PDS. Moreover, a low fraction of accelerated electrons ¢ < 1, and a large shell
optical thickness to scattering on cold electrons are required to reproduce the observed PDS,
while keeping a radiative efficiency of 1%. Despite these attempts, a quantitative agreement
between the observed temporal properties and the LCs predicted by the IS model has not yet
been achieved. Such agreement could be obtained by applying the techniques employed in
Bazzanini et al. (2024) and Maistrello et al. (2025) to optimise the stochastic pulse avalanche
model directly to the IS model (Maistrello et al., in preparation).

Rapid variability could result from fluctuations in the outflow velocity (Fig. 21 of Chapter 1).
Indeed, the Lorentz factor itself may vary on millisecond timescales, which is plausible if the
flow driving the wind is highly irregular and turbulent, since the millisecond corresponds to
the typical dynamical timescale of a disc orbiting a stellar-mass BH (Sect. 3.2.1.2). Since in the

In practice two because the cooling timescale is usually way smaller than the hydrodynamical timescale.

They are the fraction of the dissipated energy transferred to magnetic field, to electrons (including both thermal
and non-thermal electrons), and the fraction of accelerated non-thermal electrons, respectively.

4 This condition means that the fraction of accelerated electrons increases for stronger, more energetic shocks.
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IS model the variability is set by the activity of the central engine, in the next sections we are
more directly investigating its physics to understand the origin of the variability.

3.2.1.2  Variability from fluctuations in the viscous accretion disc

If the central engine is an hyper-accreting BH, the variability may be driven by fluctuations
in the disc, as is the case for BH binaries and active galactic nuclei (Lin et al., 2016). In this
scenario, the propagating-fluctuations model links fluctuations of the viscosity parameter at
different radii in the disc to variations in the mass accretion rate. These, in turn, are ulti-
mately responsible for the variability of the emission: small viscosity fluctuations produce
smooth GRB LCs, whereas large fluctuations generate complex, erratic time profiles, thereby
reproducing the full range of observed morphologies (Fig. 55).

(0

o/,

jet,wv, peak

jetyi P
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Figure 55: Top panel: viscosity parameter fluctuations in the model of propagating fluctuations from Lin
et al. (2016). Panels (a), (b), (c), and (d) show increasing amplitudes of fluctuations. Bottom
panel: LCs of jet power (in the case of v¥ annihilation) for the corresponding (a), (b), (c),
and (d) cases. Small level of viscosity fluctuations lead to smooth time profiles while large
fluctuations lead to more erratic and more variable LCs. Adapted from Lin et al. (2016).

3.2.1.3 Variability and magneto-rotational instability

While the previous scenario applied for both vv annihilation and BZ effect, Janiuk, James,
and Palit (2021) considered a magnetised torus surrounding a spinning BH launching a
Poynting-flux dominated jet powered mainly by BZ effect. In this case, the variability is set
by the disc’s magneto-rotational instability (MRI) timescale. In this framework, the variabil-
ity and the Lorentz factor of the jet are anti-correlated, this anti-correlation being driven by
the BH spin: highly-spinning BHs launch powerful jets with high T, related to short MVTs,
whereas slowly-spinning BHs lead to powerful jets, with lower T', associated with longer
MVTs (Fig. 56).

3.2.2 Jet-stellar material interaction and its impact on variability
Before dissipating its kinetic energy to y-rays, the jet launched by the central engine must
first cross the dense stellar material (DSM) of the progenitor star and ultimately break out of

it. As the jet propagates through the DSM, two shocks propagating in two different directions
are formed:
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Figure 56: Variability of the jet p parameter as a function of time, for various models with different
ratio of gas to magnetic pressure (decreasing with increasing magnetisation o) Bmax (60, 300,
and 600, from top to bottom) and three different values of the spin parameter (a = 0.6, 0.,
and 0.99, from left to right). The dashed lines represent the characteristic timescale of the
MRI. From Janiuk, James, and Palit (2021).

¢ a forward shock propagating into the DSM, and

¢ areverse shock propagating backward into the jet head.

These shocks inflate a cocoon of shocked stellar and jet material surrounding the jet. The
cocoon applies pressure on the jet, favouring its collimation.

At the jet-cocoon boundary, hydrodynamical instabilities, such as the Rayleigh-Taylor in-
stability (RTI)>, can develop. As the jet propagates into the destroyed star, these instabilities
grow, disrupting the jet’s initial coherence and mixing its material with the DSM. This leads
to the formation of an intermediate layer, called the jet-cocoon interface (JCI)°. The mixing
between the jet and the DSM increases the jet baryon load and reduces the jet head velocity,
thus increasing the breakout time. These effects are significant when a hydrodynamical jet is
considered, where much of the energy carried by the jet is transferred to the interface layer

with the cocoon.

5 RTI takes place when a lighter fluid accelerates into a heavier one. RTI occurs in this case because of the lateral

expansion of the jet into the cocoon.

6 The JCI formation is associated with the structure of the jet. The jet structure (Ejs) is found to be a flat core (jet)
+ a decreasing power-law function at the JCI (Ejg, o 9-9).
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In contrast, if the jet is weakly magnetised (0 < 1), the magnetic field developing within
the jet can stabilise it against hydrodynamical instabilities, and is not large enough to trigger
global magnetic instabilities. In this case, the mixing is therefore greatly reduced, allowing
the jet to maintain a coherent structure until breaking out from the star. A visualisation of jet
propagation inside the progenitor star, in both hydrodynamical and weakly magnetised cases,
can be found at this link: https://www.oregottlieb.com/instabilities.html.

Figure 57: Simulation of the interaction between the jet and the stellar envelope for a jet with increasing
degree of magnetisation, from top to bottom panels. In the top, middle and bottom panels
are represented a purely hydrodynamical (op = 0), a poorly magnetised (oo = 0.0T) and
a mildly magnetised (oo = 0.1) jet, respectively. The x- and y-axis form a plane parallel
to the the jet propagation axis, and are given in units of the radius of the exploded star
R« = 10"" cm. The colour map represents log e, where o, stands for the terminal velocity
of the jet (a lower uy, corresponding to a larger degree of mixing). From Gottlieb et al.
(2020).

The interaction between the jet and the DSM also influences the GRB variability. The out-
come depends on two main factors: (i) the variability pattern initially seeded by the central
engine (continuous vs. intermittent), and (ii) the degree of magnetisation of the jet.

(a) Continuous, purely hydrodynamical jet (Gottlieb, Levinson, and Nakar, 2019; Gottlieb,
Nakar, and Bromberg, 2021): variability is set by instabilities growing at the JCI, which
mix the jet and the DSM, introducing different baryon loads.

(b) Intermittent, purely hydrodynamical jet (Gottlieb, Levinson, and Nakar, 2020): bary-
onic contamination becomes so severe that the jet fails to produce a GRB;

7 Repeated shocks between the modulated jet-head elements and the DSM-entrained matter greatly increase the
baryon load. The jet becomes weak, and the efficiency of photospheric emission or IS is too low to produce a GRB.
In the magnetised case, this is avoided because the magnetic pressure inside the jet acts as a shield, preventing
cocoon material from filling the region between two strong energy-injection cycles.
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(c) Continuous, weakly magnetised jet (Gottlieb et al., 2020): the mixing is reduced be-
cause the magnetic field stabilises the jet against hydrodynamical instabilities, and GRBs
are slowly variable.

(d) Intermittent, weakly magnetised jet (Gottlieb et al., 2021): such jets produce highly
variable GRBs, the variability being set by the central engine’s injection cycles rather
than by hydrodynamical instabilities.

Note that in case (a), since mixing evolves with time (as the jet loses its coherence), one
should see an evolution of the variability in the GRB LC which is not observed. Interestingly,
case (b) that is often associated with IS fails to produce a GRB, while only in case (d) the
variability does reflect the workings of the central engine, according to what is predicted
by the IS model. This suggests that a modest degree of magnetisation may be necessary to
successfully power a GRB.

3.2.3 Emission-region-based variability

Variability can also find its origin within the emission site, rather than being dictated by
the central engine. This may occur in Poynting-flux dominated jets (o > 1), in which the
dissipation into y-rays is due to magnetic dissipation mechanisms. In this vision, the fast
variability arises from mini-emitters moving relativistically with respect to the bulk outflow.
A similar picture is invoked in less extreme scenarios, such as the ICMART model, where the
jet is only mildly relativistic (Sect. 1.5.5).

Zhang and Zhang (2014) performed Monte-Carlo simulations to compute the LCs and
associated PDS predicted by the ICMART model. In this picture, a broad pulse in the LC is
the direct outcome of an ICMART event, corresponding to the collective emission of all the
mini-jets radiating altogether within the emission region. The simulation depends on a few
key physical parameters of the emission region, such as the Lorentz factor of the mini-jets v,
the size of the reconnection regions L’, the number of mini-jets N, the emission radius R, and
the angle ¢ between the mini-jet direction and the bulk flow direction.

In that vision,

* bright, narrow pulses (fast variability) come from mini-jets beaming towards the ob-
server.

¢ dimmer, broader pulses (slow variability) come from mini-jets beaming away from the
line of sight.

* The rise of the pulses is governed by the turbulent reconnection cascade, whereas the
decay is controlled by the high-latitude emission timescale.

¢ the number of ICMART events and their temporal spacing still reflect the erratic activity
of the central engine (Fig. 58).

Key trends from the simulation include:

¢ Larger Yy — more variable LCs (shallower PDS), due to an increased Doppler factor.
Since magnetisation is linked to the mini-jet Lorentz factor via y o /1 + o, this implies
high magnetisation at the emission site (Fig. 59).
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¢ Larger N — smoother LCs, as variability is averaged over mini-jets pointing away from
the observer (Fig. 60).

e Lower L’ — more erratic LCs, since the reconnection timescale is shorter (Fig. 61).

e Larger R — more asymmetric pulses, with decay dominated by high-latitude emission®
(Fig. 61). Larger R also produces more erratic and realistic LCs, consistent with the
ICMART requirement for fast turbulent reconnection cascades (R > 5 x 10'> cm).
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Figure 58: LC made of with three consecutive ICMART episodes. From Zhang and Zhang (2014).

8 The delay between on-axis and off-axis photons at the limb of the jet cone (opening angle 0;) is R(1 —cos 05)/c.
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Figure 59: PDS slope for different Lorentz factor contrast with a fixed Tin;. The squares and the solid
lines (triangles and dotted line) represent the PDS slopes as a function of Lorentz factor
contrast when parameter evolution is (is not) taken into account. From Zhang and Zhang

(2014).
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Figure 60: Simulated LCs with different (increasing from left to right, up to down) number of recon-
nection events N. Adapted from Zhang and Zhang (2014).
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Figure 61: Left panels: LCs with decreasing emission radius R. Right panels: LCs with increasing recon-
nection region size L’. Adapted from Zhang and Zhang (2014).

3.2.4 Using the distribution of the number of peaks as a test of prompt-emission models

Theoretical models, such as those based on internal shocks or magnetic reconnections, could
be tested using the observable identified in Sec. 3.1.3, i.e. the distribution of the number of
peaks and its associated parameters, the average number of peaks in the peak-poor (resp.
peak-rich) GRBs and the fraction of peak-rich GRBs. In fact, these models use parameter
values that qualitatively reproduce GRB variability but not necessarily quantitatively. For
instance, the GRB profiles shown in Fig. 21 clearly exhibit an excess of short narrow pulses
with respect to real GRB LCs.

To obtain credible LCs, one could try to optimise their parameters through a comparison
with a set of observed LCs. To this end, different metrics could be built to compare observed
and simulated LCs, as done in Bazzanini et al. (2024) and Maistrello et al. (2025). In these
works, the model parameters were optimised minimising the differences between the ob-
served and simulated metrics?. Once the parameters are optimised, the observed distribution
of the number of peaks can be used to compare the model with observations and validate it.
At the time of writing, such a study is currently being pursued in Maistrello et al. (in prepa-

9 See Sec. 4.2.2 of Chap. 4 where this technique is employed in the case of LCs generated using a stochastic model.
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ration), where, using the IS model of Kobayashi, Piran, and Sari (1997), we aim to generate
realistic LCs and, in turn, constrain the physical parameters of the IS model.

3.2.5 Temporal variability as a key diagnostic of GRB progenitors

Temporal variability can be used to probe the nature of the GRB progenitor, as we will see in
the following sections.

3.2.6  The need for a new classification

GRBs were originally classified according to their duration and spectral hardness, with long/-
soft GRBs associated with collapsars and short/hard GRBs with COMs (Sect. 1.6.4). In fact,
they were traditionally divided in short and long GRBs according to Too < 2 s, a classification
originally introduced with BATSE. However, the first drawback of this classification is that it
is detector dependent: the burst duration depends on the energy pass-band of the instrument,
in particular longer durations are usually observed in lower energy bands. Therefore, the
threshold separating the two GRB populations should vary from one instrument to another
(e.g. Bromberg et al. 2013).

Moreover, peculiar events, known as short GRBs with extended emission such as GRB 060614—
characterised by a short/hard pulse followed by a broader and softer emission episode—
proved that the Too classification can be misleading, as they are associated with COM events
rather than collapsars, despite their overall long duration (Sect. 3.2.7). Other long duration
events lasting a few tens of seconds, such as GRB211211A and GRB230307A, confirmed that
classifying GRBs solely according to their duration could lead in some cases to misclassifica-
tion. For these reasons, additional indicators are required to achieve a more reliable classifi-
cation. In modern terminology, GRBs originating from COMs are referred to as type-I, while
those from collapsars are referred to as type-II (Zhang, 2006).

3.2.7 Short GRBs with extended emission

A new class of GRBs emerged with GRB 060614 (Gehrels et al., 2006), the so-called short GRBs
with extended emission (SEE-GRBs, see Norris and Bonnell 2006). This GRB, with a duration
of Top = 102 s observed at z = 0.125, did not show any evidence for a SN, with stringent
limits 100 times lower than previously observed SN associated with long GRBs (Sect. 1.2.1).

On the contrary, this GRB shows several properties that are usually exhibited by short GRBs,
such as a negligible spectral lag for the first spike and the subsequent extended emission.
The early spike (first five seconds) is characterised by a peak energy Epeac = 302 keV and
Eiso = 1.8 x 10°° erg, which falls off the Amati relation for type-II GRBs (Sect. 1.6.3). The LC
of this event is shown in Fig. 62. The optical counterpart of GRB 060614, and in particular a
significant flux excess with respect to the afterglow predictions, observed ~ 4 days after the
burst trigger, was interpreted as a kilo/macronova emission powered by r-process (Jin et al.,
2015; Yang et al., 2015).

This GRB demonstrated that classifying bursts based solely on the duration of the prompt
emission alone can lead to false conclusions. After GRB 060614, other similar bursts, with
negligible spectral lags and characterised by an initial short, hard pulse followed by softer
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and longer extended emission, were classified as SEE-GRBs (e.g. Kaneko et al. 2015; Lan et al.
2020; Lien et al. 2016; Norris and Bonnell 2006).
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Figure 62: Top panel: GRB 060614 time profile, as observed by Swift/BAT, showing the peculiar temporal
evolution of this GRB. Bottom panel: temporal evolution of the hardness ratio throughout the
burst. From Mangano et al. (2007).

3.2.8 Minimum variability timescale

GRB variability can be studied in many ways, either directly in the temporal domain or in
the frequency domain, as seen in Sect. 1.8.3. Numerous metrics for GRB variability have been
proposed in the literature, aiming to quantify the net variance of the GRB time profile once
the contribution of the statistical counting noise is removed. The MVT is the shortest timescale
on which uncorrelated flux variations can be attributed to the GRB activity. In the IS model,
it is related to the GRB emission region size (see also Sect. A.2):

R =2I"%cAt. (49)

Several analyses (Golkhou and Butler, 2014; Golkhou, Butler, and Littlejohns, 2015), including
our recent works (Camisasca et al., 2023b; Maccary et al., 2025), also show that short GRBs
tend to exhibit shorter MVT values than most long GRBs. The MVT can therefore serve as an
indicator of the progenitor nature, type-I GRBs having statistically shorter MVTs than those
of type-II GRBs (Fig. 64).

3.2.8.1  Minimum variability timescale estimated with the structure function and Haar wavelets

The MVT has been computed by estimating the structure function, defined as follows

SF(1) =< (X(t) = X(t+1)% >, (50)
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where X(t) is a time series, T is the time lag, and < . > stands for the temporal average.

The structure function is computed using Haar wavelets'. With this method, the MVT is
computed by estimating the lag value for which the structure function departs from the linear
relation SF(t) o T (Fig. 64 from Golkhou and Butler 2014).

e s—
i 412 Lightcurve ]
. ::II-_; — Denoised Lightcurve
m L |
20 N, 1
3
g 8w 1
x 6r 1
3
T 4t 1
2, i
910 0 10 20 30 40 50 60 70
- time (sec)
(! T T
& 0 / i
~ 10 F 7
=
° 4
B At =0.04s
© K !
™ /
S 1 ;‘/ *
s -1 | #* |
= 10 . A
g —)
x !
w 2 E E E
10 102 107 10" 10° 10' 107
At (sec)

Figure 63: Top panel: Swift/BAT LC (15350 keV band) of GRB080319B (in grey). A filtered version of
the LC is superimposed in black. Bottom panel: the structure function (here defined as ox at)
derived using Haar wavelets as a function of the timescale At for GRB080319B. A MVT of
40 £+ 10 ms is derived, which corresponds to the shortest timescale at which ox At departs
from ox At o< At. From Golkhou, Butler, and Littlejohns (2015).

When applied to simulated GRB LCs composed of a smooth FRED pulse, the MVT typically
recovers the rise time of the simulated pulse, provided that the S/N ratio is sufficiently high.

This technique was applied to the Swift/BAT and Fermi/GBM samples. These studies reveal
that very few GRBs show evidence for variability on timescales below 2 ms. They also show
that the median minimum timescale in the rest frame for short GRBs is larger than that of
long GRBs (Fig. 64 and Sect. 3.2.8).

3.2.8.2  Minimum variability timescale estimated using MEPSA

We developed another way to compute the MVT using MEPsA, which consists of measuring
the FWHM of the narrowest (statistically significant) pulse in the LC. Although MEPsa does
not directly measure the FWHM of the pulses, it provides, for each detected pulse, a set
of parameters closely related to it, as explained in Sect. 3.1.2. In particular, the algorithm
identifies for each detected peak a detection timescale Atqe: (see Sect. 3.1.2), corresponding

Haar wavelets are a particular family of wavelets functions. Wavelets functions are a set of functions forming an
orthonormal basis. Wavelets are usually used to detect narrow features in time series.
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Figure 64: Minimum variability timescale of Fermi/GBM GRBs, computed with Haar wavelets and
the structure function, against the Tog duration. Short GRBs (diamonds) tend to exhibit
lower values, with a median value of 10 ms, than long GRBs (circles, median value 45 ms).
The dashed line represents the equality line. The solid curve shows the typical minimum
measurable timescale as a function of Tog. From Golkhou, Butler, and Littlejohns (2015).

to the timescale at which the peak is optimally detected. An approximate formula for the
FHWM,, involving these parameters was derived in Camisasca et al. (2023b):

B S/N 0.6
FWHM = 1037 Atge, (ﬁ ~1) NS, (51)
with S/N the S/N ratio and N,qgi,c the number of adjacent bins. The corresponding uncertainty
is given by

opwim = FWHM(10%913 — 1) | (52)

The detailed procedure to compute the MVT with MEPsA is described in Fig. 65. MEPSA is
first applied to 64 ms binned LCs. If a peak fulfils (i) S/N > (S/ N)(At)11 and (ii) Atger > 2At,

min
where At is the bin time, then it is promoted as a candidate for the MVT. If some peak satisfies
(i) but not (ii), then MEPsA is applied recursively to LCs binned at lower time resolutions, 4

ms and 1 ms, until fulfilling both conditions. If no peak fulfilling (i) is found at 64 ms, MEPsA

(At)

1 (S/N), i, depends on the bin time used and is fixed to 7, 6.8, 6.4, and 6 at 1, 4, 64, and 1024 ms, respectively.
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is applied to the 1024 ms binned LC. The MVT then corresponds to the shortest FWHM

(computed with Eq. (51)) observed in the peaks that satisfy both (i) and (ii). Our procedure is
illustrated in Fig. 66.
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Figure 65: A schematic description of the procedure adopted to determine the MVT with MEPsA. From
Camisasca et al. (2023b).
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Figure 66: GRB 131109A LC observed by Fermi/GBM (8-1000 keV), shown as an example of how the
MVT is derived with our method. Pulses detected by MEPsa are shown as black points. The
vertical dashed line marks the shortest pulse identified by MEPsa. The inset zooms in on
this pulse, and the light grey region indicates its FWHM (computed with Eq. (51)), i.e. the
estimated MVT, while the darker grey region encloses the detection timescale.

Our MVT estimates are systematically larger than those obtained with the structure func-
tion and Haar wavelets, described in Section 3.2.8.1. This difference arises from the different
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definition of MVT. In our approach, MVT is the FWHM of the shortest pulse, whereas the
other method provides values that are more closely linked to the rise time, typically smaller
by a factor of three to four compared to the FWHM. Our choice of adopting the FWHM is
also motivated by its physical connection with the variability imprinted by the central engine
activity in the IS model. According to Kobayashi, Piran, and Sari (1997), the pulse rise time
corresponds to the time required for the reverse shock to cross the shocked shell, while the
decay time arises from the delay between off- and on-axis photons (the angular spreading
timescale, see Eq. (22) of Sect. 1.6.2) and is linked to the emission radius R through R/ 2I2c.

Despite this observed discrepancy between the two techniques, we also found a general
consistency between the two approaches, as events such as GRB230307A and GRB211211A
occupy extreme positions in both metrics.

3.2.9 Correlations involving the minimum variability timescale

¢ The MVT correlates with the peak luminosity Lis,. Although this correlation is affected
by selection effects, a detailed study through simulations revealed that this correlation
is intrinsic, and not arising solely because of these selection effects (Camisasca et al.,
2023b; Maccary et al., 2025). This correlation can be used to probe the jet launching
mechanism, see also the next point.

® The MVT correlates with the Lorentz factor I'. The shape of this correlation, along with
the MVT-L;s, correlation, can be used to probe the mechanism launching the relativis-
tic jet (for instance, to discriminate between Blandford-Znajek versus vv annihilation,
Sect. 1.3.2 and 1.3.1).

* The MVT appears to correlate with the angle of the jet 0;. This correlation could be
exploited to probe the structure of the jet. In fact, when the afterglow is seen off-axis,
the constrain obtained from the jet break time, actually provide an estimation of 0,5 +
0;, with 0,5 the viewing angle, rather than 6; alone. Hence, the differences in MVT
in different GRBs could arise from GRBs seen with various viewing angles. For on-
axis GRBs, with small 6.5, the observer sees the core of the jet, and therefore narrow
and hard pulses, while an observer looking at the jet with a larger viewing angle sees
broader, fainter, and softer pulses, owing to the lower Doppler boosting in a region of
the jet closer to the boundary with the stellar material (so-called cocoon, Sect. 1.4).

3.2.10 Our work: Minimum variability timescales with Fermi/GBM

In our work, we computed the MVT of the GRBs detected by Fermi/GBM from its launch
up to June 2024, collecting more than 3,500 GRBs. We confirmed that short GRBs and SEE-
GRBs tend to have shorter MVTs than long GRBs, making the MVT a robust diagnostic of
the progenitor nature. To this picture, we added the recent cases of long GRBs coming from
mergers, GRB 191019A, GRB211211A, and GRB 230307A, which indeed present short MVT
values, departing from the MVT distribution of long GRBs (Fig. 67).

This result is very promising, especially in a time in which facilities such as SVOM and
Einstein Probe have already been incrementing the number of well localised bursts, host
galaxy detections and redshift measurements. In this respect, the MVT represents a very
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Figure 67: Scatter plot of FWHMp,;, and Ty, for the Fermi/GBM sample, along with the corresponding
marginal distributions. Blue (red) points represent short (long) GRBs. Gold points represent
SN-associated GRBs. Magenta, lime, and cyan points represent SEE-GRBs from Kaneko et
al. (2015), Lan et al. (2020), and Lien et al. (2016), respectively. Three extragalactic magnetar
giant flares candidates, GRB 180128A, GRB 200415A, and GRB 231115A are shown in brown.
SEE-GRBs from the three samples considered are shown altogether in grey in the top and
right panel. We also showed with black stars the two peculiar LGRBs 211211A and 230307A
associated with a KN event, and GRB 191019A which can be a short GRB that exploded in
a dense environment. We also highlighted the peculiar short collapsar GRB 200826 A associ-
ated with a SN. Reproduced from Maccary et al. (2025).

helpful hint to promptly spot GRBs with a merger origin directly from their y-ray time profile,
as was the case for GRB 230307A (see the GCN announcement of Camisasca et al. 2023a).

In this work, we also confirmed the existence of correlations between the MVT and different
observables, including the peak luminosity and the Lorentz factor (Fig. 68).
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Figure 68: Peak luminosity versus FWHMy,, for type-II GRBs. The red points represent the geometric
means of GRB groups sorted by increasing FWHMi,. The dashed line indicates the best
fit. GRBs are also categorised by the number of peaks, with the more luminous ones having
more peaks. From Maccary et al. (2025).

To assess the correlation between the MVT and the peak luminosity, we carefully accounted
for the selection effects by performing a suite of simulations that aimed to reproduce the
detection process inducing a selection bias (Fig. 69). For a full description of these simulations,
the interested reader can consult the entire version of the paper in Appendix A.9g.

We demonstrated that the observed correlation, although it is unavoidably affected by the
selection effects, is stronger than any artificial correlation arising only from selection effects
(Fig. 70). There is therefore a genuine correlation between these two observables, hence it
is meaningful and could be used to provide constraints on theoretical models. We also con-
firmed the correlation between MVT and Lorentz factor, adding to this picture the few cases
of short GRBs with measured Lorentz factor (Fig. 71). This work, published in Astronomy &
Astrophysics, is reported in Appendix A.g of this thesis.

3.3 DISCOVERY OF A PECULIAR SET OF PROPERTIES OF COMPACT OBJECT MERGER CAN-
DIDATES

On March 2023, GRB 2303074, a long and very bright GRB event of compact merger origin
was detected. With GRB 060614 and GRB 2112114, this is one of the few GRB events that are

[January 29, 2026 at 15:00 — classicthesis]



3.3 DISCOVERY OF A PECULIAR SET OF PROPERTIES OF COMPACT OBJECT MERGER CANDIDATES

105} . s — 1.0
1053 2:0.078 -0.138 | 2:0.138-0.238 | z: 0.238 =0.400

0.8

>

(@)

(e

Q

(@)

0.6.=

4=

(O]

(e

O

0.4 4o

O

Q

d

(O]

O
0.2
= 0.0

10t 100 10?

Figure 69: L, versus FWHM,;, for the Fermi/GBM divided into nine redshift bins with equal log-
arithmic spacing in luminosity distance. Blue dots represent merger-candidates (or type-I
GRBs), and red dots represent collapsar-candidates (or type-II GRBs). The dashed cyan lines
show 90% and 50% detection efficiency (vertical bars). Gold dashed lines indicate regions
of constant isotropic-equivalent released energy (in erg) for each peak, roughly calculated
as Eiso = Lp Xx FWHMpip.

associated with a kilonova emission. This very remarkable event was detected by GECAM,
which recorded a signal with unprecedented S/N without any saturation effect. The quality
of this LC revealed features so far not observed in other burst time profiles.

3.3.1 GRB230307A: an extraordinary event

GRB 230307A is a very remarkable burst. It ranks second in brightness ever detected so far,
after GRB 2210094, and is also among the closest ones. Despite its long duration, no accom-
panying supernova was observed, therefore ruling out a collapsar origin. Instead, both pho-
tometric and spectroscopic evidence for the presence of a KN was reported (Gillanders and
Smartt, 2025; Levan et al., 2024), making a strong case for a merger of compact objects.

The extraordinary quality of the signal enables us to observe features in its LC that are very
rarely observed in other GRBs. In particular, it exhibits a very distinctive temporal structure
made up of three distinct episodes: a short initial soft spike, identified as a precursor (Dichiara
et al., 2023), shortly followed by a long and hard main emission preceding a softer extended
emission. The main and extended emissions are separated by a dip-like feature.
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Figure 7o: Pearson, Spearman, and Kendall correlation p-values (in logarithm units) computed on N =
10% simulated samples (blue, olive, and red histograms) compared to the ones computed on
the real dataset (blue, olive, and red dashed lines, respectively). From Maccary et al. (2025).
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Figure 71: FWHM,y,i, versus the initial Lorentz factor Iy for the type-II (red dots) and type-I GRBs
(purple squares) present in our sample. Left: the Iy values are taken from different datasets,
colour-coded as follows: L12: Lii et al. (2012), X19: Xue, Zhang, and Zhu (2019), X16: Xin
et al. (2016), and Gu21: Gupta et al. (2021). The dashed lines represent the typical distance
R = 2cIZFWHMpy,n where the dissipation process responsible for the prompt emission
could occur. Right: same as left, but I is calculated using the dataset from Ghirlanda et al.
(2018). Red points indicate GRBs from their golden and silver samples, while blue points
represent lower limits on Iy. Reproduced from Maccary et al. (2025).

It has been proposed that such a three-fold time profile is characteristic of a sub-class of
type-1 GRBs, referred to as type-IL GRBs (e.g. Tan et al. 2025, Wang et al. 2025). In particular,
GRB 230307A shares many similarities with GRB 211211A, another long GRB originating from
COMs: both occurred in the local Universe (z = 0.076 for GRB211211A and z = 0.065 for
GRB 230307A), both display short MVTs of a few tens of milliseconds, both show a similar
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three-fold temporal structure, and both are robust outliers of the Amati relation for type-II
GRBs (Peng, Chen, and Mao, 2024).

3.3.2  Our work: discovery of a peculiar set of properties in the light curve of GRB 230307A

In our work (Maccary et al., 2026), we exploited exceptional data from this event obtained
by GECAM. Unlike other instruments, GECAM recorded this extraordinarily bright burst
without suffering from electronics saturation, offering a unique opportunity to investigate in
detail the temporal structure of a rare long GRB arising from a COM.

We identified four temporal properties that are evolving throughout the burst (Fig. 72),
namely:

1. An exponential decrease of the peak rate.
2. An exponential increase of the waiting times.
3. An exponential increase of the pulse FWHM:s.

4. An exponential decrease of the spectral peak energy.

These properties are particularly interesting for two reasons:

(i) if they are shared by other COM bursts, as we have shown in our study, they would
provide a detailed characterisation of the temporal behaviour of long GRBs originating
from COMs. Such characterisation could, in turn, be used to identify the nature of these
events directly from their y-ray time profiles;

(ii) they raise questions about the emission mechanism itself, as the supposed absence of
timescale evolution throughout GRB time profiles was one of the main arguments his-
torically used to disfavour external shocks models in favour of an internal origin. This
argument, however, certainly does not hold for GRB 230307A, whose time profile clearly
shows a marked increase in pulse width over time and, overall, a sort of deterministic
evolution, in contrast with the higher degree of randomness which is thought to charac-
terise most GRB LCs.

Regarding (i), we performed an analogous analysis for other long bursts from COMs, such
as GRB211211A and GRB 060614, and found that they exhibit a similar trend (Fig. 73).

This suggests that such temporal evolution could be a characteristic feature of this class of
events. We also investigated the presence of these features in GRBs originating from collapsars.
To this aim, we selected all GRBs for which there is evidence of association with a type Ic-BL
SN and chose among them those verifying N, > 10, where N, is the number of statistically
significant peaks detected by MErsa (S/N > 5). We ended up with six candidates, which are
GRB 111228A, 130427A, 190114C, 171010A, 2110234, and 221009A. However, none of these
bursts showed similar properties to those of GRB230307A (Fig. 74). Even GRB 2210094, the
brightest GRB ever recorded, does not show such an evolution. In fact, since the LC observed
by Fermi/GBM was affected by strong saturation effects due to its extreme brightness, to
study this burst we used data from Insight-HXMT outside of the saturated time intervals,
and from GECAM when entering the saturated region, since its time profile was free of any
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Figure 72: Properties of GRB 230307A. (a) LC in the 100-150 keV band with 5-ms bin time; (b) same as
(a), but in semi-logarithmic scale; (c) WTs of the peaks detected with MEPsa as a function of
time; (d) FWHMSs of the same peaks of (c) as a function of time; (e) time-resolved evolution
of spectral peak energy. In panel (b), the solid line represents the exponential fit of the
peak rates of the pulses. In panels (c), (d), and (e), solid lines show the exponential models
obtained within the corresponding temporal window, whereas the dashed line, if present,
shows the extrapolated fit to the time interval that was ignored by the fitting procedure.
Reproduced from Maccary et al. (2026).

saturation effects. Figure 75 shows the temporal evolution of GRB 221009A. This burst shows
a complex time profile, marked by very intense periods separated by long quiescient times. In
any case, the temporal evolution of the properties listed above is very different from those of
GRB 2303074, highlighting the possibility that this peculiar evolution is only present in long
type-I GRBs.
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Figure 73: From top to bottom panels, left to right: Fermi/GBM LC of GRB 060614 (resp. GRB211211A),
peak rates, WTs, and FWHM evolution as a function of the peak occurrence times of the
pulses observed during prompt emission. Reproduced from Maccary et al. (2026).

The absence of similar evolution in collapsar GRBs supports (or at least does not contradict)
the idea that these features are distinctive of long GRBs originating from COMs.

Regarding (ii), we conceived a simple model based on the assumption of a massive, slowly
expanding shell (referred to as the target shell) ejected prior to the subsequent, faster shells
launched by the central engine. In this scenario, the later shells collide with the expanding
target shell, and the shocks occur at progressively larger radii.

The LC of GRB230307A shows pulses with increasing WTs (hence pulses getting progres-
sively more separated) meaning that the central engine has a declining activity, emitting many
shells at the beginning and a few at the end. To model this, we have generated the emission
times (in lab frame) according to an exponential distribution:

f(te) ox e tet/T, (53)

where t.; be the emission time (in the lab frame) of the i-th shell. All shells are emitted
with the same velocity 3 = v/c, whereas the target shell is moving with 35 = vs/c < f.
The target shell has been emitted prior to the start time of the activity of the central engine
t =0, and has reached at this time a radius Ry when the first shell is emitted. We call t. ; the
collision time (in the lab frame) of the i-th shell, which occurs at radius R ;. Since different
collisions take place at different radii, the WTs seen by the observer will appear shorter than
the corresponding WTs in the lab frame: to avoid confusion, the observed collision times are

denoted as t(of )

ci and are measured by the observer since the arrival of the first pulse. Solving
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Figure 74: Five SN-GRBs having Ny, > 10. Each top panel shows the y-ray time profile (obtained
with either Fermi/GBM or Swift/BAT). Black points represent the peaks detected by MEPsA.
Middle and bottom panels respectively show the temporal evolution of WT and of FNHM
throughout each burst. For GRB 130427A, two insets show a close-in view of the densely
populated interval. Reproduced from Maccary et al. (2026).

the kinematics of the shocks between the target shell and the shells emitted by the central
engine, we obtained the following expression for these quantities:

teq = BRf/gs +(g2g) tes (54)
£ = (Bfﬁs)ﬂﬁs)te,i, (55)
Res = (057 Ro+cBte (56)

The pulse FWHM is then directly determined by the angular spreading timescale (Sec. 1.6.2),
which increases as the radius grows, naturally reproducing the observed widening of pulses
in GRB 230307A:

Re i 1 B
FWHM; = 505 = 2cr2 <f5—f55

2cT?
The total number of counts N is kept constant for all pulses (implying that each pulse
carries the same amount of energy). The peak rate of each pulse is then simply given by the

) (Ro+cPsteq) - (57)
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Figure 75: Top panel: Background-subtracted LCs of GRB 221009A from HXMT/HE (blue, 1 s binning)
and GECAM (green, 50 ms binning). Red shaded areas mark intervals where HXMT/HE
is affected by saturation. Peaks detected by mMEPsa are shown as black markers. The two
long quiescent intervals between the precursor and main emission (186 s) and between
the main and late emission (110 s) are indicated. Bottom panel: WTs derived from MEPsA
detections in HXMT/HE and GECAM data as a function of time. WTs inside HXMT/HE
saturated intervals are computed from GECAM measurements. Reproduced from Maccary
et al. (2026).

ratio of the total counts over the width of the pulse, given by FWHM;, multiplied by an extra
term accounting for the early rise of the GRB:

ths

P — _¢ts
' FWHM;

X (1 —exp(—t/’tr)>, (58)
where Ty is the timescale associated to the early rise of the LC. This extra term can be seen
as an initial opacity, since the first shocks can occur in a region close to the central engine,
where the optical depth for pair production can be moderately high.

Using the previous equations, we can compute the shape of each pulse, assuming the pulse
template of Norris et al. (1996) with a common peakedness v = 2 and decay-to-rise time ratio
1 = 3. The synthetic LC is obtained as a superposition of all these pulses.
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This model is illustrated in Fig. 76 and further described in Maccary et al. (2026). The
(optimised)' parameters of this model are:

m Rp =3.1 f?:g x 101° cm the initial radius of the target shell at t = 0,

n [ = 94f? the Lorentz factor of the emitted by he central engine,

m [ = 8.6f8:)1 the Lorentz factor of the target shell,

mT=109" ;:g s the e-folding timescale characterising the evolution of the waiting times,

m Np = 12707410 the number of elementary energy bunches,

Trise = 29792 s the e-folding timescale characterising the early rise of the peak rates,

Nets = 920+3 >0 Cts the number of counts in each pulse.

target
shell (t+dt)

Figure 76: Sketch of the target-shell model explaining the time profile of GRB 230307A. Energy bunches
emitted from the central engine collide with a slower target shell (shown in black) that was
emitted earlier by the central engine. The first shocks that occur close to the central engine
correspond to the intense and narrow peaks observed in the early prompt emission of
GRB 230307A, while the later shocks happening at larger distances are associated with the
dim and broad pulses seen in the extended emission phase.

We proved that our model was able to well reproduce the temporal properties of GRB 230307A
listed above (Fig. 78). Moreover, we carried out a few tests to ensure that our model was phys-
ically consistent. In particular,

(a) We computed the optical depth to pair production and verified that the shocks are
happening in an optically thin regime (except for the earliest ones, where the opacity
reaches a few tens before dropping below unity).

12 The parameters where optimised using a genetic algorithm, as described in Sec. 4.2.2.
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At’ = ﬁ o /
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Figure 777: Sketch illustrating the temporal widening of the pulses observed during the prompt emis-
sion of GRB 230307A. This widening is due to the angular spreading timescale, i.e. the tem-
poral delay between on-axis photons and photons emitted at the edge of the jet (Sec. 1.6.2).
The first pulse (in red), resulting from a shock happening close to the central engine, is
narrow and intense owing to the short radius and high Doppler boosting. The two subse-
quent pulses that occur at larger radii (in orange and blue), because of the larger delays and
smaller Doppler boosting, are broader and fainter than the first one.

(b) We also checked that the shocks between the target shell and subsequent shells occur
before any possible IS happening within the train of ejecta, i.e. at radii smaller than the
IS emission radii given by Eq. (15). This condition is indeed satisfied in our model.

Some uncertainties remain in our model, in particular, regarding the origin of the target
shell. There are two possibilities that we envisaged in our study: (i) the target shell corre-
sponds to a shell that has begun to decelerate and will later collide with the ISM, producing
the afterglow; (ii) the target shell consists of material expelled during merger, such as the
dynamical ejecta.

The principal drawback of scenario (i) lies in the position of the deceleration radius, which
for standard short GRB environments lies above the shock radii. Regarding scenario (ii), our
model predicts a target shell with a Lorentz factor of a few units, implying a velocity very
close to the speed of light (v ~ 0.99c). Only a tiny fraction of the dynamical ejecta can reach
such velocities during the merger.
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A possible scenario is that some material is boosted by a prior activity of the central engine.
In this picture, the newly formed central engine would launch some early shells that collide
with the dynamical ejecta below the photosphere. Below the photosphere, the energy stored
in these early shocks would not be dissipated to radiation but is instead reprocessed into
kinetic energy, allowing the ejecta (which later forms the target shell) to reach the required
velocity.

Other scenarios could be imagined, such as a central engine launching for some reason a
tirst slow and massive shell followed by lighter, faster shells. We hope that this event will
encourage the theoretical GRB community to reconsider existing emission models to account
for the properties of such events.

This work, published in Journal of High Energy Astrophysics, is reported in Appendix A.10
of this thesis.
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Figure 78: Comparison of the temporal properties of the synthetic LCs produced by the target shell
model with GRB230307A real data. Panels (a) and (b) illustrate the temporal evolution of
count rates, (a) in linear and (b) in logarithmic scale. Panels (c) and (d) show the temporal
evolution of the WTs and of the pulse FWHMSs, respectively. Red points show real data,
while blue points are simulated according to the target shell model. Reproduced from Mac-
cary et al. (2026).
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3.4 CONCLUSIONS

In this chapter, we saw that multiple aspects of the GRB prompt emission can be probed by
studying its temporal variability. In particular,

* The origin of variability in GRB theoretical models. In Maccary et al. (2024a), we con-
firmed the existence of two GRB families, peak-poor and peak-rich GRBs, exhibiting
a few (resp. many) peaks in their LCs. The existence of these two families is directly
associated with the presence or the absence of variability at short timescales in GRB
time profiles. The origin of this discrepancy is probably a combination of several fac-
tors: activity of the central engine, interaction with the stellar environment, influence
of geometry and jet structure, and variability may arise also from relativistic turbulent
magnetic reconnection events occurring within the emission region. In this sense, vari-
ability probes numerous facets of the GRB phenomenon.

* Correlations involving variability. In Maccary et al. (2025), we confirmed the existence
of correlations between the MVT and observables such as peak luminosity, Lorentz fac-
tor, jet opening angle (actually more representative of the viewing angle), etc. These
correlations can be directly used to probe the jet launching mechanism and the jet struc-
ture.

* Clues about the GRB progenitor. In particular, we showed in Maccary et al. (2025) that
the MVT is a promising indicator of the nature of the GRB progenitor, as extremely
short MVT values of a few milliseconds seem to be found only in short GRBs with or
without extended emission and in the rare cases of long GRBs originating from COMs.
We also found recently in Maccary et al. (2026) a peculiar set of temporal properties
in the time profile of a GRB belonging to this latter class, namely GRB230307A. This
set of properties seems to be characteristic of the class, and therefore provides ways to
identify its members directly from their y-ray time profile, offering additional clues for
their detection.

Overall, temporal variability thus emerges as a powerful diagnostic tool, offering unique
insights into the inner workings of GRBs, ranging from their central engine activity to the
nature of their progenitors, including also the emission mechanisms and jet dynamics. The
study of the aforementioned aspects of prompt emission temporal variability led to the pub-
lication of three different articles, which are reported in Appendix A.8, A.9, and A.10 of this
thesis.
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GAMMA-RAY BURSTS AS STOCHASTIC PROCESSES

The temporal behaviour of GRB prompt emission is puzzling: the wide variety of observed
morphologies makes it difficult for any deterministic model to account for all of them. A
possible way to explain this remarkable diversity of temporal profiles is to interpret them as
random realisations of a common underlying stochastic process.

Although evidence of deterministic behaviour have been suggested (Greco et al., 2011), the
nature of the prompt emission remains elusive. The hypothesis that they are instead governed
by a stochastic process has been put forward in the literature (Guidorzi et al., 2015), and has
been successfully used to reproduce prompt emission temporal properties (Bazzanini et al.,
2024; Maistrello et al., 2025).

In this chapter, assuming the latter hypothesis, we adopted here a new approach to model
GRB LCs, fundamentally different from those presented in the previous chapters. In particu-
lar, we modelled the prompt emission using stochastic differential equations (SDEs), a concept
widely applied across various disciplines, including astrophysics, finance and economics, bi-
ology, climate and Earth sciences. This approach, to our knowledge, was not considered so
far in the GRB literature.

4.1 STOCHASTIC DIFFERENTIAL EQUATIONS

An SDE is a differential equation involving at least one stochastic term. The solution of such
an equation is a stochastic process.
The general form of an SDE can be expressed as:

dX¢ = u(Xe, t)dt + (X, t)dWy, (59)

where X is the unknown stochastic process, 1(X¢, t) and o(X¢,t) are called drift and diffusion
terms, respectively, and W, denotes a Wiener process. If o = 0, Eq. (59) becomes an ordinary
differential equation, with a deterministic solution. The stochastic character is therefore ruled
by the diffusion term.

W, is referred to as Wiener process, or equivalently called a Brownian motion, and satisfies
the following temporal properties.

e VO <ty <t Wy, =Wy, ~N(0,t2 —t1)%;

¢ W, has independent increments. That is, for all 0 < t; <ty < t3 < ... <ty Wy, —
Wi, o, Wy, — Wi, ey Wi, — Wy, are jointly independent.

* W, has continuous sample paths.

1 We adopt the following standard notation for a random variable X that is normally distributed with expected
value p and standard deviation o: X ~ N(0, 02).

101

[January 29, 2026 at 15:00 — classicthesis]



102

GAMMA-RAY BURSTS AS STOCHASTIC PROCESSES

In particular, Wy — Wy = Wy ~ N(0, ), and so the expected values are E[W,] = 0 and ]E[Wf] =
t = V[W,]. Lastly, we can define a more general stochastic process built on Brownian motion,
by simply rescaling it by a positive factor, i.e. Wy = \/q Wy, with q > 0. In this case, E[W] =0
and V[W,] = qt. This process is illustrated in Fig. 79.

4 1
—— sample mean
—-—-- sample variance

R |

t (s) t (s)

Figure 79: Realisations of the rescaled Brownian motion W;. The coloured lines are different realisa-
tions of the stochastic process. The solid and dashed black lines represent the sample mean
and the sample variance, respectively. The dashed blue line shows the expected value and
the dotted red line indicates the expected variance. The four different panels indicate differ-
ent values of the rescaling factor q.

4.1.1  Itd’s lemma

The previous definition of the SDE is not entirely correct from a mathematical point of view.
A more rigorous formulation requires the concept of the Itd integral, that we will not detail
here. The SDE in its integral form can be written as:

t t
Xt—XO = J dXt = J H(Xt,t)dt“‘JG(Xt,t)th, (60)
0 0

where the last term is referred to as the Itd’s integral and is a peculiar mathematical object. In
particular, the rules of classical calculus do not apply to these objects, and one needs to use
the so-called It6’s calculus to study them.

An example of the difference between classical and stochastic calculus is given by Itd’s
lemma, which extends the chain rule formula to the case of stochastic variables.
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Suppose X; is a solution of the SDE given by Eq. (59) and consider an arbitrary function f :
(R,R") —» R, twice differentiable in the first argument and once differentiable in the second.
Then Itd’s lemma provides the rule for differentiation in the case of stochastic variables:

of of 1 , 0%f
df(xt/ t) = A (Xt/ t)dt + = (Xt/ t)dXt + 70—(th )

ot 0X; 2 ax2 (Xe, tydt. (61)

Note that the last term is not present in the classical chain rule, and is purely arising because
Xt is a stochastic process verifying Eq. (59).

Intuitively, one can understand Ito’s formula by applying the Taylor expansion at second
order to the function f of the two variables (X, t):

of 102 of 1 0%f 0%t
df(X¢,t) = —dt + - —dt? + —dX dX? + ———dX.dt 6
(Xet) = Fdt+ 25t + o e+ 3 X2 ax ottt (62)
Using Eq. (59), we develop dX? as
dXx? = (u2dt? 4 o (dWy)? + 2uodX dWy). (63)

We now keep only first order terms in dX; and dt. Since W; verifies (AW;)? = dt, the
second-order term in dW, is actually a first order term in dt that must be kept in the formula
when approximating to first order. Instead dW;dt o dt3/?. Keeping only first order terms,
we eliminate therefore dt? and dW;dt ~ dt3/2 terms. In particular, dX{dW; contains one dt?
and one dW,dt term and is therefore neglected when keeping only first order terms.

_of 1 azf of 1 azf 02 f

ot Tax ax2 " Xt
(64)
We therefore retrieve the formula previously enounced
_of of 1,20 azf

4.1.2  Example: Langevin equation

Many examples of SDEs can be found in physics. The most famous one is probably the
Langevin equation, introduced by Paul Langevin in 1908 (Langevin, 1908)* as an alterna-
tive derivation of the properties of Brownian motion to that proposed by Albert Einstein in
1905 (Einstein, 1905). This equation describes the motion of a particle in a fluid subject to
both deterministic and random forces, corresponding to the damping and the collisions with
molecules of the fluid, respectively.
The Langevin equation reads:
dv

mo= —Av +n(t), (66)

2 https://archive.org/details/rcin.org.pl.WA35_226705_8818_Art1l5_194893/mode/2up

[January 29, 2026 at 15:00 — classicthesis]



104

GAMMA-RAY BURSTS AS STOCHASTIC PROCESSES
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Figure 8o: Illustration of the model used by Paul Langevin to describe Brownian motion. From Sarkka
and Solin (2019).

where m is the mass of the particle, v its velocity, A the damping coefficient’, and n(t) a
random force, due to the random collisions with the molecules of the fluid.

From now on, we restrict ourselves to the one-dimensional case in order to simplify the
derivation. The one-dimensional Langevin equation then reads:

d?x dx

where x is the position of the particle, satisfying v = $%. If we multiply this equation by x,
using the two following mathematical identities:

1d,, dx
EE(X ) = XE (68)
and
142, dx\2  d*x
rae)= () "ee (69
we obtain
142 , dx\ 2 Ad o,
m(3q20 (@) ) = 2q 0+ 70)
Calculating the expected value [E[] of both sides, it is
1 dz 2 dx\ 2 Ad 2
m(5q BN E[(g) ) = -5 Bl Ebe 71
Assuming that the force is uncorrelated with the position yields E[xn] = 0.
The equipartition theorem allows one to write
dx\ 2 o kBT
B|(q) ] = 72)

3 When the damping force is given by Stokes” law, the damping coefficient A is equal to 67mr, where 1 is the viscosity,

and r is the diameter of the particle.
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Letting p(t) = %IE[XZ], we obtain the following ordinary differential equation

5 = T yr=ksT, (73)

which, assuming ((0) = 0, yields

u() = 22 ey, 74

with T = m/A.
Integrating again to obtain the mean square displacement and taking the limit as time goes

to infinity, we retrieve the result found first by Einstein

w(t) = Ex? = Zk;\sTt. (75)

If we assume that the stochastic force can be written as n(t) = moW,, we can rewrite the
Langevin equation in a form analogous to Eq. (59):

dVy = -0V, dt + o dW,, (76)

where V; replaces v(t) and 6 = A/m. This kind of SDE is also referred to as an Ornstein—Uhlenbeck

(O-U) process.
To solve this equation, we first consider the deterministic case, i.e. when the stochastic term
is neglected (o0 = 0). In that case, Eq. (76) reduces to a simple exponential decay:

Vi = Voe Ot (77)

Let us now return to the stochastic case and define a new process Y; = etV;. Applying
[td’s lemma (Eq. (61)) to f(V4,t) = 'V, with

of of 02f
— =0 etV ) - et/ = O/
ot ¢ v v, € V2
we obtain
dYy = 0%tV dt +e®t dV,. (78)

Substituting Eq. (76) into the expression above yields
dYy = 0e9tV dt + %1 (—0V, dt + 0 dW,) = ce®t dWw,. (79)

Integrating both sides from 0 to t, and reverting to V; = e 9tY,, we obtain the solution

t
Vi = Voe Ot + O‘J e 0t=s) qwy,. (80)
0
We thus see that the solution consists of a deterministic exponential decay term and an
additional stochastic contribution arising from the Wiener process.
We can retrieve the result of Eq. (75) based on the following approach.
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The displacement is linked with velocity according to dX; = Vdt, hence

t
Xy —Xo = J Vsds (81)
0

The mean square displacement is therefore given by

t pt

E[(X¢ — Xo)?] :J J C(s,s")dsds’, (82)
0Jo

where C(s,s’) = E[VsV/] is the autocorrelation function.

To compute C(s,s’), we need to compute the product VV{ and compute its mean. This
computation will involve the product of four terms. The three first ones would vanish, the
first one (x VZ) when s or s’ goes to infinity (because proportional to e~ (s+3"), and the two
cross products because E[dW,] = E[dW/] = 0, leaving us with the last term which writes:

!/

S S
EV.V/] = o2 Jo L e OIS UV E[AW, AW, 83)

since E[dW,,dW,] = §(u—v)du

s 0.2

IE[VSVS,] _ UZJ e Olst+s'=2u) g, — ~_o—0(s'—s) (84)
0 20

We implicitly assumed here s’ > s but the result should not depend on the ordering be-

tween s’ and s as the autocorrelation function C(s’, s) should be a symmetric function. There-

fore, in the general case,
2

C(s,s’) = ;—ee*e“‘*s/‘, (85)

which also provides the expected value of VZ in the permanent regime t — oo,

o2

E[VZ] = %" (86)

We can now compute the mean square displacement

0.2 t pt ,
E[(X¢ — X0)?] = J J e 9s'=slqsds’. (87)
20 Jo Jo

This integral yields (see Sect. A.6 for a proof of this statement)

t pt , 2
J J e Ols'=slgsds’ = =6t —1+ e 91, (88)
0lJo 0

hence in a permanent regime t > 1/6,
2

E[(X; — Xo)2] = g—zt . (89)
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By using again the equipartition theorem, providing E[VZ] = %, we obtain*
20kgT
2 B
o= (90)
We therefore retrieve
2kgT
E((X, —Xo)? = =~ t. (91)

This illustrates the analogies between Langevin equation, which describes Brownian motion,
and the O-U process, which is a stochastic process whose temporal evolution is governed by
an SDE.

4.1.3 Example: Geometric Brownian motion

A geometric Brownian motion is a stochastic process that verifies the following SDE:
dXt = LLXt dt + GXt th ’ (92)

in which the stochastic term is also proportional to the process itself. We first solve this
equation in the deterministic case (o = 0), as in the previous section, to obtain an intuition
about the solution in the general case. We then obtain

dXy

x. d(InX¢) = pdt, (93)
t

hence the solution in the deterministic case is simply given by
X¢ = XoeM. (94)

We now consider the general case: let Y = InX;y = f(X,t) and apply Itd’s lemma to
compute dYi:

d(InX¢) = 0 x dt + [1/X¢] x dX¢ + %[—1/x§] x (0X¢)? x dt, (95)

The terms between square brackets are the first time derivatives of f(X,t) and the first and
second derivatives with respect to X¢, respectively.
Hence, we obtain
dXt (o) 2

Using Eq. (92) into this equation, we obtain

2
O
d(InX¢) = (n— 7)dt+ ocdW,, (97)

4 This result, linking the noise intensity to the strength of the dissipative viscous force, is also known as the
fluctuation-dissipation theorem.
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which yields the solution of the SDE related to the geometric Brownian motion in the stochas-
tic case

62
Xi = XpeH™ T )teoWe, (98)

For o = 0, we effectively retrieve the solution of the deterministic case given in Eq. (94), and
the general solution is the product of the deterministic term and the stochastic one, rather
than the sum. The stochastic process associated with Eq. (92) is called a geometric Brownian
motion is because its logarithm evolves similarly to Brownian motion. 3

Knowing the solution, the mean and variance of this stochastic process can be easily com-
puted. In fact, the expected value is given by:

62
E[X{] = Xoe*~ 2 tE[e"W1], (99)

Using the Taylor expansion of the exponential function combined with the statistical proper-
ties of W4, one can prove (see Sect. A.5 in Appendix for a full proof) that:

2

Ele"Wt] =7 . (100)
Hence,
E[X¢ = Xoe"t. (101)

The second moment E[X?] is computed in a similar way, providing the variance:

V[X¢] = EX?] — (E[X¢))? = XZe2HH (et —1). (102)

5 However, it is not strictly a Brownian motion, because it does not satisfy all the properties defining the Brownian
motion enounced in Sect. 4.1. In particular, because of the drift term, the expected value E[InX{] = (p— o? /2)tis
different from zero.
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Figure 81: The geometric Brownian motion and its moments in log scale. The coloured lines represent
different realisations of the stochastic process, for © = 1 and o = 0.4. The black solid and
dashed lines show the sample mean and variance, respectively. The red and blue dashed
lines indicate the expected value and the variance of the stochastic process, respectively. The
scale is logarithmic.
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Figure 82: Different realisations of the geometric Brownian motion for different values of o (1 is set to
a fixed value of 0.01).

4.2 A STOCHASTIC DIFFERENTIAL EQUATION ADAPTED TO Y-RAY BURST LIGHT CURVES
Attempts to simulate GRB LCs within theoretical frameworks are usually carried out as-

suming internal shocks and/or instabilities developing within the accretion disc of a hyper-
accreting BH, and/or full hydrodynamical/MHD simulations. However, owing to the persis-
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tent uncertainties on the energy dissipation mechanism(s) producing the prompt emission,
these approaches are highly model-dependent, rely on some still poorly known aspects of
GRB physics, and the predicted LCs often fail to reproduce some observed properties.

Here we adopted a more empirical and data-driven approach, based on the assumption
that GRB LCs are different realisations of a common underlying stochastic process. Under this
assumption, we tried to identify a stochastic process that accounts for the temporal properties
of prompt emission. To this end, we explored the possible stochastic differential equations that
can reproduce the temporal features of GRB LCs, in particular the average properties.

A similar strategy has been successfully applied to optical LCs of quasars (Kelly, Bechtold,
and Siemiginowska, 2009). In this study, both long and short timescale variations were mod-
elled with a continuous-time first-order autoregressive stochastic process CAR(1) (actually
equivalent to an O-U process, also known as damped random walk). This framework allowed
for a robust estimation of characteristic timescales and amplitudes of quasar flux variations
characterising accretion onto super-massive BHs.

The crucial difference between AGNs and GRBs is that the former are persistent, stationary
emitters whose variability can be meaningfully modelled as a stationary stochastic process.
GRBs, in contrast, are short-lived, highly non-stationary, with statistical properties that evolve
significantly over the duration of the burst. The non-stationary character of GRB LCs requires
a specific modelling and another class of stochastic processes from those used to model quasar
temporal variability.

In particular, contrary to the simple equations shown above, in the GRB case the drift term
1(X¢, t) must depend explicitly on time to describe their non-stationarity. The average post-
peak aligned profile, obtained by aligning GRB time series at their peak, follows a stretched
exponential of the kind exp (—(t/Tse)'/3) (Stern, 1996). Therefore, we built an SDE that ac-
counts for this property.

An SDE that satisfies this property is

1 1 o 1 t \—2/3 =
ool Covd B TSR T ued

where W, = W,/ \/Ti is a Wiener process and its variance is E[Wtz] = t/1;, where T; is the
timescale over which a random instability leads to a substantial change in X, T4 the timescale
over which the exponential damping takes place, @ an exponent modelling the early PL rise
of the LC, and s is the stretched-exponential timescale. Eq. (103) is similar to a geometric
Brownian motion, however its drift term now explicitly depends on time.

A great advantage of this equation is that it can be solved analytically. Indeed, applying
Itd’s lemma to Yy = f(X¢, t) = In X, as for the geometric Brownian motion yields:

dX; dt
dYy = — — —.
t X, 27, (104)

Now plugging Eq. (103) into the last equation gives:

| T« t \—2/3 d 3
dinX, = |4 — L 4% t o i
o [ZT{ T4 * t 3Tse (Tse> } Zg"’_ t (105)

Integrating this equation between 0 and t and reverting from Y; to X; = et provides:
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Xt = Xot* exp [

Td

_t (é)”s +\/\7t].

(106)

The simulated GRB LCs are then simple realisations of this stochastic process, whose solution
is given by Eq. (106). The stochastic character of these solutions is mainly driven by the
timescale T;, which determines the timescale of the Brownian motion W;.

Using Eq. (100), we obtain E[eWt] = exp (t/21y) and therefore the expression of the ex-
pected value of the stochastic process associated with Eq. (103)

u(t) = EXd = Xot* exp [—t <a — 5

1

)~ G

(107)

The condition T4 = 2714 corresponds to a pure stretched exponential in the average profile.
We adopted the less constraining T4 < 2713, which prevents p(t) — +oo as t goes to infinity.
It is important to avoid this behaviour, as a GRB signal is a transient one that therefore stops
after some time, unlike a persistent signal that could be modelled with T4 > 27;.

The variance of the stochastic process is computed similarly to the mean, and is given by

VI[X¢) = u(t)? (eV/™ —

1.

Figure 83 shows some realisations for different values of the ratio t4/7;.

T4/, =0.1

T4/T;=0.2

(108)

| 10!
_ — sample mean
1072 ‘ ---- sample variance
- EXd 1072
10_8 N, UXt]
™ 107
~10-14 b
s210 \ <
1072 a=1 \’\\ a=1 3 .
Tse=105 \ Tse=105 AN
-26 % -
10 T4=25 “\%\\ T4=5s \\K 1074
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1074 10-3
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Figure 83: Different realisations of the stochastic process described by Eq. (103) for different values of
T4/Ti, in logarithmic scale. The four panels indicate realisations for fixed values of o, Tse,
and T; but increasing values of the ratio t4/7; = 0.1,0.2,0.5 and 4. The black solid and
dashed lines indicate the sample mean and variance, while the red and blue dashed lines
represent the expected value and variance of the stochastic process, respectively.

The normalisation value Xy is sampled from a simple PL distribution, with parameters xmin
and o], the minimum value and the slope, respectively.
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® T; is the timescale associated with the Brownian motion,

* T4 is the timescale on which the exponential damping takes place,
* T is the timescale associated with the stretched exponential,

¢ « is the PL index of the early rise of the averaged profile,

* op is the PL index of the PL distribution from which the normalisation constant X, of
each LC is drawn,

® Xmin 1S the minimum value of this PL distribution.

The last two parameters are needed to model the S/N distribution: whereas the other
parameters mainly control the variability properties, these two provide the scaling required
to reproduce LCs with credible S/N ratios.

We tentatively considered alternative models, characterised by a different kind of rising
part. Specifically, the initial PL behaviour t* is replaced by an exponential rise e T/t or
alternatively e~ (*/ ©)° The 1/3 factor can be replaced by a parameter y for a finer adjustment
of the metrics.

4.2.1  Metrics

The values of the parameters of Eq. (103) should be such that the LCs produced by the
stochastic process reproduce the temporal properties of the observed ones. To this aim, we
adopted five temporal metrics that measure the similarity of the temporal properties of real
vs. simulated LCs, building on the method used in Bazzanini et al. (2024) and Maistrello et al.

(2025):

¢ the averaged normalised peak-aligned profile;

the third moment of the averaged normalised peak-aligned profile;

the autocorrelation function (ACF);

the duration distribution, given by the T,;

the S/N distribution.

The first metric is obtained by aligning and normalising the profiles at their peaks, and by
computing the resulting averaged profile, using 150 s (that corresponds to 2343 bin time at 64
ms) before and after the peak. This metric is an extension of the average peak-aligned post-
peak time profile (Stern, 1996) used in Bazzanini et al. (2024) and Maistrello et al. (2025). These
functions were computed for CGRO/BATSE and Swift/BAT bursts and are shown in Fig. 84.
We define a loss function which measures the overall difference between the properties of the
simulated and of the observed LCs. Specifically, it is therefore the (weighted) average value
of five individual losses, each of them accounting for one of the properties mentioned above.

R WavgdLavgd + Wrhird Lthird + WactLact + WT,,£1,, + Ws/NLs/N (100)
tot — 7
Wavgd T Wthird + Wacf + WT,, + Ws/N
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Figure 84: Five GRB properties serving as reference metrics to optimise the SDE parameters. Panel (a)
represents the averaged peak-aligned profile, (b) its third moment, (c) the autocorrelation
function, (d) the S/N distribution, (e) the T,¢ duration distribution.
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where the w’s represent the relative weight of each loss building up the total loss. The
different losses are computed as follows.

* Lavgd is computed on logarithmic quantities, by % ZF:] 1/Ilog(g:z)I, where N is the
number of points, and where y; ; and y, ; are the binned versions of the simulated and
real peak-aligned averaged profiles, respectively. These are obtained by binning the LC
when the signal goes below a given threshold, to mitigate the effect of low statistics in
the tail of the averaged profile.

® Lihirq is computed similarly as £ avgd, except that cubic quantities are averaged.
e L. as the [,° distance between the simulated and observed ACFs.

e Lr,, as the [, distance between the observed and simulated T,¢ distributions, prelimi-
nary determined through a kernel density estimate applied to the logarithmic quantities.

* Lg/nis computed as 1 —log,,(p), where p is the p-value of a two-population Kolmogorov-
Smirnov compatibility test between the simulated and observed S/N distributions. This
formula is applied for 1077 < p <5x 1072 When p > 5 x 1072, Lg  is set to 0 and to
10 when p < 1077,

6 By L, distance, we intend L ({x i}, {Xr1}) = \/ ZF:] (xs,i —%r1)2, with x5 ; and x; ; the points of a given metric
either computed on the simulated on the real dataset, respectively.
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4.2.2  Genetic algorithm

We optimised the parameters using a genetic algorithm that aims to minimise a loss function
by mimicking the Darwinian natural evolution.

In this framework, an individual is characterised by a set of parameters that constitutes its
genome. The genes are the values of the different parameters that compose the genome of
the individual. A population of individuals is a collection of distinct genomes. The genetic
algorithm evolves this initial population into a more adapted one, in which only the "fittest"
individuals survive. The genetic algorithm proceeds as follows (Fig. 85).

¢ Evaluation. For each individual in the population, a set of LCs is produced, the five
metrics defined in Sect. 4.2.1 are computed, and the loss function is evaluated.

* Selection. A given number of individuals with the best fitness (i.e. lowest loss) are
selected to reproduce.

* Reproduction. The selected individuals mate, creating offspring that inherit part of the
genes of their two parents.

¢ Mutation. In the case of mutation, gene values are randomly drawn from the parameter
space, instead of being inherited from their parents.

¢ New generation. A new generation of individuals is obtained by combining reproduc-
tion and mutation, and the process is repeated iteratively.

Over successive generations, the fitness of the individuals progressively improves, ultimately
converging towards a limit value. The best set of parameters is obtained by computing the
median parameters among the population within the last generation”.

=

new generation

7 N
% ]I |I |I |I II II

mutation evaluatibn of

ol
'1 each individual

\ I
!

\
R O o8
. Y . Y%
reproduction selection

~
~ -
= _— -

Figure 85: Scheme illustrating the different steps involved in the genetic algorithm.

7 One could also use the best fitting individual, but this value is more prone to random fluctuations.
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We obtained these optimised parameters, applied to the BATSE sample:
o Ty =3.08 133,
o Tq =849 317,

e x=085 "33,

1.50
° Tge =223 525,

1.74
« Xo =091 *174.

In this preliminary version, we chose to assign the same normalisation X, for all the LCs,
rather than drawing it for each realisation from a PL distribution, as we do now in a more
recent version. In addition, y was still fixed to the value of yo = 1/3 and the constraint
Tq < 2 X T was not implemented yet, although we used a weaker condition T4 < 3 x T;. At
this stage of the work, the averaged profile and its third moment were computed only in the
post-peak part, starting from the peak to 150 s after it.

The obtained values of the losses defined in Sect. 4.2.1 are shown in Fig. 86.
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Figure 86: Results for the five losses. The five panels show the five different metrics of Sect. 4.2.1
computed either on the real (red) or simulated (blue) LCs. At this point of the work, the
averaged profile and the third moment were computed only on the post-peak part of the
LCs.

Some simulated LCs obtained within this model are shown in Fig. 87.
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We are currently considering a modified version of the previous model in which the param-
eter «, originally describing the early-time power-law rise t%, is replaced by an exponential

t
model. Instead of having X as a free parameter, in this version we also sampled X, from a PL

distribution with two parameters Xy, (its minimum value) and ;1 (the slope), we replaced
the 1/3 exponent by a free parameter 'y, and we enforced the condition T4 < 2 x T;. We also
extended the computation of the averaged profile to the part before the peak.

A preliminary exploration yields very small values of T, ~ 1072 s, resulting in LCs with
an excessively steep initial rise. We are therefore attempting to optimise the model under the
constraint T, > 1 in order to avoid such unrealistically sharp onsets.

The optimised parameters are in this case

rise of the form exp [— (3)5} , with 7, and 6 added to the set of free parameters of the SDE

Ty = 20.03
Tq = 34.1
T = 1.04
Tee = 214

v =0.29
0=5.6

Xmin = 0.008
opl = 8.1

The results of the losses are shown in Fig. 88.
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o

Figure 87: Realisation of the stochastic process associated with the SDE of Eq. (103), with the param-
eters shown above, that have been optimised using the metrics computed on the BATSE
dataset.

The metrics resulting from this model are shown and compared with the observed metrics
in Fig. 88 and some realisations of the stochastic process are represented in Fig. 89.
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Figure 88: Same as Fig. 86, except we are now showing the results of the new model with 1, and o
instead of o, and X is now drawn from a PL distribution, with parameters o) and Xmin. We
are now showing the pre-peak part of the averaged profile along with the post-peak part.
Binned simulated and real average profiles are shown in dark blue and brown, respectively.
The reference metrics (in blue) used in this case are computed using the Swift/BAT data set

These results are still very preliminary and require further investigation. As in Sec. 3.2.4, the
distribution of the number of peaks per GRB could be used to further validate the stochastic
model developed above. We obtained, for this preliminary version of the model, the distribu-
tion of the number of peaks and compared it to the observed one (in the case of Swift/BAT).
The comparison shows an excess of peak-rich GRBs in the simulated data (Fig. 9o). In partic-
ular, the fraction of GRBs with more than 3 peaks is 56% in the simulated model while it is
31% in the observed distribution.
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Figure 89: Realisation of the stochastic process associated with an alternative version of the SDE of
Eq. (103), that have been optimised using the metrics computed on the Swift/BAT dataset.
The red LCs are obtained with the original bin time of 64 ms, while the blue ones are
rebinned versions of these LCs.
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Figure go: Distribution of the number of peaks for the simulated LCs obtained with the stochastic
model of Sec. 4.2 (in blue), compared with the observed distribution in the case of Swift/BAT

(in red).
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4.4 CONCLUSION

In this chapter, we used stochastic differential equations (SDEs) to simulate credible GRB
LCs. This was done by finding an SDE that reproduces the stretched exponential behaviour
observed in the averaged peak-aligned profile of GRB LCs. In addition, the SDE parameters
must follow a given condition to obtain a transient signal. To optimise the parameters of this
SDE, we built a loss function that aims to reproduce five properties of GRB LCs: their average
and third moment, the autocorrelation function, the duration and the S/N distributions. We
employed a genetic algorithm to minimise this loss and find the optimised parameters. This
analysis is still preliminary and the optimisation of the parameters is in progress, but the first
results are encouraging.
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In this chapter we explored an interdisciplinary approach based on methods used in different
tields of science. In principle, this setting can be highly rewarding, because problems from
different fields may share a common basic logical structure and/or similar dynamics, as
it is often the case whenever time series are involved. In particular, while there are specific
treatments that depend on the field and on the nature of the associated signals, some methods
used in time series analysis, such as Fourier transform, are shared across a wide range of
scientific disciplines.

We examined various metrics that assess the degree of randomness of a signal. They are
based on the concept of entropy from information theory. Entropy metrics are applied in vari-
ous fields to quantify the amount of randomness in a time series or, on the contrary, to reveal
deterministic features in a signal affected by noise. We calculated the entropy of GRB time
series with two main purposes: (i) to investigate the stochastic versus deterministic nature of
prompt emission, (ii) to define an algorithm able to identify weak GRBs with relatively low
S/N.

What follows is the result of a three-month research visit at the Max Planck Institute for
the Physics of Complex Systems (MPI-PKS)," in collaboration with the group of non-linear
dynamics and time series analysis directed by Prof. Holger Kantz.

5.1 ENTROPY

Entropy, also referred to as information or Shannon entropy, is a measure of information, or
a measure of the degree of uncertainty of a random variable. This concept was introduced
by Claude Shannon in 1948 (Shannon, 1948). We consider a discrete random variable X that
takes values within a finite alphabet x. The alphabet, also referred to as the sample space QO
in probability theory, is the set of all possible outcomes. Let the probability mass function
p(x) = P[X = x],x € x associated with X. The entropy of the random variable X is defined as

H(X) == _p(x)log, p(x), (110)

XEX

where log, is the logarithm in base 2. The entropy is measured in bits. In the particular case
of a uniform distribution, where all outcomes have equal probability p = 1/n to occur, with
n = |x|, then

H(X) = — Z 1/nlog, 1/n = log,(n) . (111)
XeEX

For instance, for two fair coin tosses, there are four equally probable outcomes (TT, HH,
TH, HT) with probability p = 1/4. The entropy in this case is equal to H = 2 bits. On the

1 https://www.pks.mpg.de/de/

121
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contrary, for a certain event with probability p(X = {xo}) = 1 of occurring, the entropy is zero.
Between these two extreme cases, the entropy is different from 0. We can take a simple case
to illustrate the behaviour of the entropy with the Bernoulli distribution, defined by x = {0, 1},
p(X=0)=pand p(X=1) =1—p. In this case,

H(X) = —plog, p — (1 —p)log, (1 —p) = H(p) (112)

Figure 91 illustrates some of the basic properties of H: it peaks at p = 1/2, corresponding
to the case of a uniform distribution and vanishes for p = 0 and p = 1, which represent the
cases of a certain outcome.

1.0+

0.8

—~ 0.6

0.4

0.0 0.2 0.4 0.6 0.8 1.0
p

Figure 91: Entropy function for a Bernoulli-distributed random variable.

In this respect, H corresponds to the degree of uncertainty of X: if the outcome is certain,
there is no room for uncertainty and H is therefore zero. Conversely, if all outcomes are
equally probable, the uncertainty is the largest and the entropy is maximum.

There are generalisations of Shannon entropy, that depend on one parameter. One example
is the so-called Rényi entropy, whose expression for a discrete random variable X with N
possible outcomes with probabilities p; is given by

1
11—«

N
Ry = logz(Z pi) (113)
i=1

The Rényi entropy generalises the Shannon entropy, the latter being the limit of Rényi
entropy for o« — 1. Indeed, as o goes to 1, if we let € > 0 such that x =1+ ¢

N N
pr‘ = Zpieelogpi ~ 1+ (—:Zpilogpi. (114)
i i i

Therefore,
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N N N N
log (ZP?) =log <1 +eZPilogPi> &~ eZPilogpi = (06—1)Zpilog(2) x log, pi
(115)

Then, dividing the left-hand side of Eq. (115) by log(2) and o« — 1, and using Eq. (113),

Ra—) pilog,pi, (116)
i

and hence the limit of Rényi entropy when o« — 1 is Shannon entropy.

If o« > 1, Rényi entropy is more influenced by the events of highest probability. In particular,
as « — +o00, Rényi entropy converges to the so called min-entropy —1og, pmax-

In fact, one can easily get the following inequality

Pmax < S(0) < NPy, (117)
with S(x) = Y I p&.
Applying logarithms on both sides of the inequality and dividing by 1 — « < 0, one gets

olog, Pmax +log, n o log, Prmax

< <
1—06 \Roc\ ]—OC (118)
As both sides tend to —1og, Pmax, by the sandwich theorem we have as announced
lim Ry = —10g, Pmax- (119)

xX—00

In this limit, Rényi entropy is only influenced by the most probable event. Figure 92 shows
Rényi entropy for Bernoulli distribution, for different values of « > 1.
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Figure 92: Rényi entropy Ry for Bernoulli distribution, for increasing values of «.
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5.2 COMPLEXITY

Attempts have been made to define the complexity of a physical system. While entropy quan-
tifies the amount of information contained in a system, it does not, by itself, measure complex-
ity. Indeed, if we consider a perfect crystal and an isolated ideal gas, these are two extremes
of the entropy scale. A perfect crystal is completely ordered. Knowing the configuration of a
single elementary cell is enough to describe the entire structure, so the information content
is minimal and the entropy is zero. On the other hand, the isolated ideal gas is totally dis-
ordered: all microscopic states are equally probable, and the information content is maximal
since, in principle, one must specify all microstates to describe the system.

Yet both systems are "simple" in a certain sense, because they lack structure, patterns, or
correlations. A perfect crystal is entirely predictable: its periodic structure repeats uniformly
throughout space. Conversely, the ideal gas is so disordered that no particular configuration
stands out from the rest. Neither system displays the mixture of order and unpredictability
that we usually associate with complexity. Intuitively, complex systems should lie between
these two extremes. They exhibit some degree of organisation and structure but also an ele-
ment of unpredictability and disorder.

Therefore, any suitable measure of complexity should vanish for both extremal cases (per-
fect order and perfect disorder), and take positive values in between those two cases.

In the seminal paper of Lopez-Ruiz, Mancini, and Calbet (1995), complexity relies on the
concept of "disequilibrium". For a system defined by N microstates associated with probabili-
ties {pi}, the disequilibrium D is given by

N -
D= Z(Pi — N) . (120)
i=1

The disequilibrium measures the deviation of the system from equipartition. In fact, for an
isolated ideal gas with equally probable microstates, p; = &, and hence D = 0. Conversely,
for a perfect crystal, the system lies in a unique stable configuration, with probability p; ~ 1,
the other states having p; ~ 0. The disequilibrium is therefore maximal in this case.

The complexity of the system C is then defined as

C=HxD. (121)

This definition of complexity is commonly known as LMC complexity, named after the
three authors. It is easy to verify that it vanishes in the two extreme cases of a perfect crystal
(since H = 0) and an isolated ideal gas (since D = 0).

Other more sophisticated definitions of complexity involve the Jensen-Shannon divergence,
which still measures the distance from equipartition. By computing both entropy and com-
plexity, one can draw the so-called complexity-entropy (CE) plane (Fig. 93).

5.3 ENTROPY METRICS

There are various entropy metrics used in very different fields. Several of them are shown in

Fig. 94.
It is not clear which of them could be best suited for studying prompt emission time series.
In this part, we studied the properties of a few bright long GRBs, and then applied them in
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INFORMATION = H

C = H*D = COMPLEXITY

DISEQUILIBRIUM = D
P

>
IDEAL GAS

CRYSTAL

Figure 93: LMC complexity as a function of entropy. The perfect crystal case correspond to minimum
information content and zero entropy while the ideal gas case is associated with maximum
disorder and entropy. The LMC complexity is zero in both cases, which represent the sim-
plest possible systems. From Lépez-Ruiz, Mancini, and Calbet (1995).
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Figure 94: Different types of entropy measures, presented in chronological order. From Howedi, Lotfi,
and Pourabdollah (2020).

Sect. 5.5 to the problem of detecting weak GRBs. To numerically compute these metrics, we
used the publicly available Python package antropy?.

2 https://github.com/raphaelvallat/antropy
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5.3.1 Lempel-Ziv complexity

Let s be a bi-infinite3 string s = {s;, i € Z} with a finite alphabet x with cardinal [x|. For
instance,

¢ if x = {0, 1}, an example of such string is s =...001101101101...,

e if x ={a,b,c,d,.}, for instance s = ...aabbccdeaaff....

The amount of information carried by this sequence can be estimated by the entropy rate
h, also called entropy density. This quantity is computed through the Shannon entropy of
blocks H(L). This approach consists in considering all [x|" possible sub-strings of length L,
and computing their probability p(s(L)) of appearing in the sequence. Then the Shannon
entropy of blocks is given by

Z p(L)log p(L), (122)

L)ext

where s(L) is a sub-string of length L of s. The sum runs on every possible substring of length
L. The entropy rate is then defined by
. H(L)
h=m (123)
The entropy rate is zero for a constant, a periodic, and a quasi-periodic string, while it reaches
its maximum value hmax = log |x| for a completely random sequence. Then, let h(L) =
H(L) — H(L — 1). The excess entropy E is defined by

+o0
E=) (h(L)—h). (124)

To estimate the entropy rate for a finite sequence, one can use the Lempel-Ziv (LZ) factori-
sation of a sequence. This factorisation is obtained by separating the sequence into unique
factors that have not appear previously in the sequence. We give in the following several
examples

¢ For a binary alphabet x = {0, 1}, the sequence s = 10010101110 is factorised as 1.0.01.01011.10.
The third factor is .01011. since 010 and o101 already appeared in the sequence.

e For a standard alphabet x = {a,b,c,..,z} to which the space character is added, the
sequence "to sherlock holmes she is always the woman" factorises as t.o. .s.h.e.rl.ock.
h.ol.m.es. she .i.s a.lw.ay.s t.he w.om.an.

The Lempel-Ziv complexity Cy z(s) is then given by the number of factors (e.g. Crz(s) =5
in this example). The utility of this quantity is that it can serve as an estimate of h. In fact, the
Lempel-Ziv coding theorem (Lempel and Ziv, 1978) states, that, for a stationary and ergodic

3 We intend by bi-infinite string a string without beginning and end.
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process?, the number of unique factors observed in a finite sequence s(N) of length N, as it is
given by the LZ complexity Crz(s(N)) verifies

Crz(s(N))log, N

N N = (125)

where h is the entropy rate.
The excess entropy E can also be computed from a finite sequence as

Mmax
E= > (h(s(M))—h), (126)
M=1

where s(M) is a surrogate string obtained by partitioning the string s in non-overlapping
blocks of length M and performing a random shuffling of the blocks, and M.y is the maximal
length of the sequences. The shuffling for a given block of length M destroys all correlations
between symbols for lengths larger than M while keeping the same symbol frequency. M ax
is chosen appropriately given the sequence length to avoid fluctuations.

LZ complexity was applied to discrete sequences, such as written language (Estevez-Rams
et al,, 2019), and gene sequences (Mesa-Rodriguez et al., 2022). For written language, the
(h, E) plane was obtained for writings of three different authors, namely Jacob Abbott, Arthur
Conan Doyle, and William Shakespeare, in Fig. 95. This plane describes the trade-off between
unpredictability and information production, expressed by h, and pattern recurrence and
memory, expressed by E. Boring, repetitive texts containing redundant information yield high
excess entropies E associated with low entropy values h, while highly unpredictable texts
without repetitive structures, are associated with high entropy values and low excess entropy.

Applying this method to GRB time series presents two difficulties. First, since the GRB flux
takes continuous values, we can not apply directly this method, but we have to discretize the
data. This discretisation can be made simply by using the mean p of the signal

Y(t) = 1 ify(t) >u, (127)

0 otherwise,

where y(t) and Y(t) are the continuous and discrete versions of the signal. Data can also be
divided into more levels (Fig. 96).

The second difficulty resides in the hypothesis underlying the Lempel-Ziv coding theorem.
In fact, it can be applied in principle only to stationary and ergodic sources. GRB time series
are non stationary, with their average properties clearly evolving over time. Since ergodicity
requires stationarity, such signals cannot be ergodic either. In particular, ergodicity would
imply that ensemble average could be inferred by computing the time average over a single
GRB. This assumption is clearly not satisfied for GRB time series.

For a stochastic process x(t), stationarity implies that ensemble averages computed over various sample functions,
such as px(t;) = Nlim % Z}:J:] xx(t1) , as well as higher-order moments, do not depend on the specific time
—00

t1. Ergodicity further requires that these ensemble averages are equal to the corresponding time averages computed
along a single sample function. For example, for the mean fix (k) = Tlim %fg xk(T)dt = py, where the time
—00

average over one sample function equals the ensemble average . Hence, for an ergodic process, the average
properties of the process can be determined using only a single, sufficiently long, realisation of this process.
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Figure 95: E-h plane for different books of Jacob Abbott, Arthur Conan Doyle, and William Shake-
speare. Points located near the top left corner are associated with predictable, structured
sequences, whereas random sequences without structure lie in the opposite corner, on the
bottom-left part of the plot. Abbott wrote books dedicated for children, using simple vo-
cabulary. Doyle is the father of Sherlock’s Holmes, his writings were addressed mainly to
newspapers, his style is therefore direct and not too complicated. Shakespeare, on the other
hand, being considered as the master of English language, used more elaborated sentences
in his writings. From Estevez-Rams et al. (20109).
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Figure 96: Left panel: GRB230307A LC, discretised by the mean, with two levels (x = {0, 1}). Right
panel: GRB 230307A LC, discretised by using six evenly spaced levels from the GRB peak to
background level (x ={0, 1, ..., 6}).

5.3.2  Spectral entropy

Spectral Entropy (SE) is a measure of the distribution of signal power in the frequency domain.
Given a time series x(t) and its associated Fourier transform X(w), the normalised power
density spectrum (PDS), IX(w)|?, is used to build a probability distribution in the frequency
domain as follows
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L X(w)?
plwy) = —Z?l:b] X(wy))2” (128)

where Ny, is the number of frequency bins. SE is then defined similarly to Shannon entropy.

E({wi}) = Z p(w:) log, p(w:). (129)

It is also possible to define SE using alternative definitions of Shannon entropy, such as
Rényi entropy.

The deterministic case here corresponds to a signal whose spectral power is concentrated
in one frequency bin, i.e. a perfectly periodic one. In that case, SE = 0. On the contrary, if the
power is equally distributed across all frequency bins, as is the case for uncorrelated white
noise, then P(w) = [X(w)* « w® = const., and SE reaches its maximum value SEmax =
log, Ny. If the signal is neither completely periodic nor totally random, SE takes values in
between 0 and SEnax. Figure 97 shows the behaviour of SE as a function of the noise intensity
contained in a mixed signal composed of both deterministic and random components. A
strength of this entropy metric is the absence of additional parameters, contrary to other
metrics, such as the ones described in the following sections.

ool | [ | o T s
;j;i izzz i 2.‘?,‘26 1 m éj

|HMN“ hm M“ H“ } H W 7

. nhm!ui'mﬂdmm’mu Iﬂlll IJM o

0 50 100 150 200 250 300 350 400 0 2000 4000
Time (s) Noise amplitude

Figure g7: Effect of increasing noise amplitude on the spectral entropy of a sine wave. Left panel: a
sine wave of amplitude A = 1000 (arbitrary units) and frequency f = 16 Hz (black) is pro-
gressively contaminated by the addition of Gaussian noise N(0, o) with standard deviations
o = 100,500,1000, and 3000. A purely random signal is shown for comparison (purple).
Right panel: spectral entropy computed on noisy sine waves as a function of the noise level.
The grey curve shows the spectral entropy as a function of the noise amplitude (averaged
over 100 realisations for each value). Coloured points correspond to the entropy values of
the four noisy signals displayed in the left panel, using matching colours. The dashed pur-
ple line denotes the spectral entropy of a purely noisy signal.
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5.3.3 Singular value decomposition entropy

Similarly to Fourier decomposition, singular value decomposition (SVD) is another way to
decompose a signal, this time on a basis of orthonormal singular vectors. This method can
also be used to define an entropy measure. Consider N measurements of a time series x(t) =
{x1,%2,%3, ..., xn} represented by the vector

X1
X(t) = , (130)

XN

where N is the number of points. The so-called embedding matrix is then defined as

X1 X141 XD
X X . X
XN—(D—-1)r XN—-Dt -+ XN

which is constructed by considering the T-delayed measurements of x(t), where 7 is the lag,
and D the so-called embedding dimension. The SVD provides a factorisation of this matrix
according to

M=uzVv', (132)

where U is an orthogonal matrix, X is a diagonal matrix with non-negative real numbers
on the diagonal and V is a orthogonal matrix. The diagonal entries oj = [Z]jj > 0 of the
matrix L are the singular values of the matrix M. The column vectors of the matrices U
and V are called left-singular vectors and right-singular vectors, respectively. They form two
orthonormal bases (Uy, U,, ..., Un) and (V4, V, ..., VN), and the matrix M can be decomposed
on these bases according to

M=> oGV}, (133)
i=1i

where 7 is the rank of the matrix M, i.e. the number of non null diagonal entries. One can use
the normalised singular values to define a probability

0i

Oi =% (134)
h Z]‘T:1 0j
The SVD entropy could then be computed by using Shannon entropy (Eq. 110)
Hsyp(D, 1) = — ) 6ilog,(61), (135)
i=1

[January 29, 2026 at 15:00 — classicthesis]



5.3 ENTROPY METRICS

or alternatively Rényi entropy (Eq. 113)

.I T
Hsvp(D,,a) = —— ) log,(6i%). (136)

SVD entropy depends directly on two parameters, the lag time 1, and the embedding di-
mension D, to which can be added « when it is defined via Rényi entropy.

5.3.4 Permutation entropy

Permutation entropy (PE) was introduced in the seminal paper of Bandt and Pompe (2002).

PE uses the ordinal distribution of the data to construct probabilities of ordinal patterns. PE

depends on two parameters, the embedding dimension D and the embedding time lag .
From a time series given by a collection of points {x1, X2, ..., xn}, so-called data vectors

Xi

X; = b (137)

Xi+(D-1)t

containing D data points delayed by T are built. Ordinal patterns 7t;, corresponding to per-
mutations obtained by sorting the components of X; in ascending order, are then computed.
A probability distribution P(7ti) is then obtained by measuring the relative frequency of these
patterns in the dataset.

PE is then computed as the Shannon entropy, the sum running on the D! possible per-
mutations of a collection of D elements. The construction of PE is illustrated in Fig. 98 and
explained by the following example.

Let S(t) =1{3,5,7,9,6,110} some time series, D = 3 and T = 1. The data vectors are given in
this case by

3 5 7 9
XI - 5 /XZ - 7 /X3 - 9 /X4 - 6 . (138)
7 9 6 110
In our example, 3 <5< 7,5<7<96<7<9 and 6 < 9 < 110 hence the associated

permutation vectors i, obtained by sorting the vector components in increasing order, are
given by

0 1 1
™= |1, 2= |2|,7=|0
2 0 2
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Xj and X; are associated with 711, while X, and X3 are associated with 7, and 73, respectively.
The probability P(7t;) of a given permutation vector 7t; is the observed frequency of this vector
in the dataset. PE is then computed by using Eq. (110).

D!=6
Hpg = — Z P(7;)log, P(7i). (139)
i=1
X7 In our case, P(7t1) = % = %, P(mt2) = P(m3) = %, and Vj > 3, P(m;) = 0.
Hence,
1 1 1 1 3
Hpg = 3 log, 7~ 21 log, 1= (140)

If the data are only increasing/decreasing (deterministic evolution), then all data vectors
would be associated with a unique permutation pattern 7 ([0,1,2]/[2,1,0] for increasing/de-
creasing time series), and the PE in this case is zero. On the contrary, in the case of uncorre-
lated white noise, all ordinal patterns would be equally distributed, and PE would reach its
maximum, given by Hpg = log D>.

D! =6 possible permutations

2 1 1

0] welf o

1 0 2
D!=6

H=— ) P(m) log(P(m:)
e P(its)

P(m4
‘ I P(y) I " P(a) I P(T6)
. l -—pPatterns

Figure 98: Sketch describing the computation of permutation entropy. Top panel: data vectors of dimen-
sion D are constructed by taking data evenly spaced by t. Middle panel: Permutation vectors,
obtained by sorting the vector components in increasing order, are computed. Bottom panel:
The probability P(m;) of a given pattern 7; is given by the observed occurrence frequency
of this pattern in the dataset.

A concept related to PE is that of missing or forbidden permutation patterns, i.e. patterns
that never occur in a time series. The study of these patterns provides information about

5 The number of permutations of a list of D elements being precisely D!.
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the stochastic or deterministic nature of a time series (e.g. Amig6, Kocarev, and Szczepanski
2006).

In deterministic systems, such as chaotic maps, certain ordinal patterns are structurally
impossible due to the map’s functional constraints. Their absence is a sign of the underlying
deterministic rules that govern the evolution of the system.

For instance, in the logistic map (defined in Sect. 5.4.2), the inequality Vx € [0, 1], f2(x) <
f(x) < x implies that the ordinal pattern [2,1,0] (corresponding to three consecutive points
in strictly decreasing order) can never occur. Moreover, the existence of one missing pattern
generally implies the existence of other related missing patterns. For example, for the logistic
map, any pattern of the form [*,n+2,%,n+1,%,n, %], where n € {0, .., 6} and = is any entry, is
forbidden.

In contrast, stochastic time series should, in principle, generate all possible ordinal patterns,
provided that the time series is long enough. However, some patterns can be missed in some
random time series if its length is too small.

To ensure that all possible ordinal patterns of length D appear in a random series, the
length of the time series should verify L > D!. A practical condition adopted by Amigo,
Zambrano, and Sanjudn (2007) is L > (D + 1)!. For shorter time series, a valid alternative is
to analyse how the number of patterns decreases as a function of the time series length. This
decay is typically much faster in deterministic systems than in stochastic ones, providing an
alternative way to distinguish between them.

5.3.5 Weighted permutation entropy

PE is very sensitive to the presence of noise in the data. This is because PE only uses the
ordinal distribution of the data, and puts on the same level small and high amplitude varia-
tions. This has several disadvantages, including (i) information about the time series are also
contained in the amplitude, however this latter is lost by PE that extracts only the ordinal
structure of the time series, (ii) ordinal pattern resulting from small fluctuations due to exper-
imental noise are weighting equally as patterns arising from genuine flux variations. These
issues make PE unable to detect strong spikes in noisy data for instance.

The so-called weighted permutation entropy (WPE, Fadlallah et al. 2013) was proposed to
address these issues by assigning different weights to data vectors based on their variance,
vectors associated with larger variance being weighted more than those associated with lower
variance. Consider a data vector of a time series containing D data points such as the one
defined in Eq. (137). The arithmetic mean of this data vector is given by:

D
. 1
Xi= D ]; Xip(k—1)T- (141)

In the case of PE, each data vector yielding the same ordinal pattern weights equally, and the
probability is given by the relative number of data vectors associated with this ordinal pattern.
For WPE instead, to each data vector is associated a weight w;, which is equal to the variance
of the data vector Xj, defined as follows:

D
1 _
wi =VXi] =5 > (Xis (k—1)e — Xi)% (142)
=1
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The weight of a given permutation pattern wy, is then obtained as the sum of the variances
of all data vectors associated with this pattern. The probability of a given ordinal pattern is
computed as

W,

1

) = —r——, 1
p(mi) R (143)
and the entropy is computed using Eq. (110). If the weights are the same for all data vectors
Vi, wi = 3, WPE reduces to PE.

We now take the example used in the previous section to show how WPE is computed.
The weights associated with the two first vectors are equal to wi = w, = 2.667, while the
weight associated with the third and the fourth data vectors are given by w3 = 1.55 and w4 =
2336, respectively. The weight w,, associated with the permutation vector 717 is obtained by
summing the variances of the two first data vectors w,, = wi +w;, while the weights for the
other permutation vectors are wy, = w3 and wy, = wy. The entropy obtained in the WPE
case is therefore Hyypg = 0.03, which is significantly smaller than the value obtained with PE
for this time series (Hpg = 1.5). This is mainly due to the last data point which makes the last
data vector associated with the permutation pattern 73 weights more than the others, since
it has an amplitude that is considerably larger than the others. This enhances the capacity of
this entropy measure to detect spiky features among noisy data (Fig. 99).

Noise + Impulse

0 200 200 600 800 1000

0 20 30 80 80 100
Window

(b)

Figure 99: Top panel: Time series composed of uncorrelated noise with an impulsive input at some time.
Bottom panel: Values of the entropy computed on different time windows, either using PE
(dashed lines) or WPE (red lines). From Fadlallah et al. (2013).
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5.4 CAN ENTROPY-BASED MEASURES DETERMINE WHETHER GRBS ARE DETERMINISTIC
OR STOCHASTIC?

GRB time series present an extremely complex behaviour, with a wide variety of different
time profiles. As we discussed in the previous chapter, the hypothesis that this diversity
arises from different realisations of a common stochastic process is a promising way to model
the temporal properties of the prompt emission.

Complex dynamical systems, composed of many interacting components can also exhibit
a intricate temporal behaviour that can be mistaken for stochastic variability. Although these
systems are governed by deterministic equations, the resulting dynamics can deceptively
look random. Instead of settling into a steady state or displaying periodic evolution, they
occasionally show irregular, aperiodic motions that could be wrongly interpreted as stochastic.
These systems fall within the scope of chaos theory, and are commonly analysed using tools
such as Lyapunov exponents or fractal dimensions.

An early attempt to apply such methods to GRB LCs was made by Greco et al. (2011),
who found possible evidence of deterministic chaotic behaviour in the prompt emission. Nev-
ertheless, more comprehensive investigations are required to assess and confirm this claim.
In particular, quantities such as the Lyapunov exponent can rigorously be obtained only for
infinitely long time series. Therefore, the use of such methods to short-lived signals such as
those of GRBs, if valid, has to be established more firmly. In this section, we will see that
the use of entropy-related concepts, in particular the complexity-entropy plane offers ways to
distinguish chaotic from random time series.

5.4.1 Different kinds of noises

Uncorrelated white noise occupies one extreme of the entropy scale, corresponding to its
maximum value. However, other kinds of noises are associated with lower values of the
entropy measure. White noise & is associated with a flat PDS P (f) o fO = const., with equal
power at all frequencies. On the contrary, coloured noises are associated with a declining
power-law PDS. For instance, stochastic processes with a PDS P(f) f—2 are referred to as
red noise. An example of red noise is Brownian motion (as defined in Chapter 4). The time
derivative of a Brownian motion dW,/dt is white noise &, which has a flat PDS such that
2
VT, ?[&H (f) = const., (144)

where ¥ is the Fourier transform 0perat0r6.
However,

dWq
dt

9[ }(f) o f x 9[\/@ (f), (145)

6 We define the Fourier transform of a time series x(t) as
+o0 .
F[x](f) = X(f) = J x(t) e 2™t gy,

—00
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because of the properties of the Fourier transform?. Hence, Brownian motion is associated
with a PDS Py, (f) = |F(W¢)(f)|? such that

2 2

FldW,/dt]
f

NER

x 72, (146)

and can therefore be considered as an example of red noise. Other examples of coloured
noise include flicker noise, also known as pink noise, that follows P(f) o 1/f.

We also considered a generalisation of Brownian motion, called fractional Brownian mo-
tion (fBm), which is a continuous Gaussian stochastic process Bi(t), defined by its mean
Vvt, E[By(t)] = 0, and covariance

Vt,s, C(t,s) = E[Bu(t)Bu(s)] = %(ltlz‘* +[s]2H =t — 52, (147)

where H is the Hurst index, usually defined in the range [0, 1]. This stochastic process has
stationary increments Xy (t) = Bn(t +s) — By (s). However, these increments are not indepen-
dent, unless H = 1/2, which corresponds to classical Brownian motion. Instead, they exhibit
long-range correlations, with an autocorrelation function given by

C(1) o T?H2. (148)

The process associated with the increments of fBm is called fractional Gaussian noise (fGn),
which is a stationary stochastic process.

For H > J, fBm is said to be persistent, and corresponds to the physical regime of super-
diffusion. The mean-squared displacement scales as

E[(Bu(t) —Bn(0)*] oc 21, (149)

which follows directly from its two-point covariance function C(s,t). Since 2H > 1, the
variance grows faster than linearly with time. For H < %, the process is anti-persistent, cor-
responding to sub-diffusion. In this regime, the mean-square displacement grows with an ex-
ponent 2H < 1, and therefore increases more slowly than linearly in time. Figure 100 shows
various realisations of the process for different values of H that correspond to sub- and super-

diffusion.

7 A short proof: integrating by parts,

dx o dx —27mift . oo —27ift :
Fl—|(f) = —e dt = —27mif x(t) e dt = —2mif X(f),
dt oo dt o

assuming x(t) — 0 as t — %o0.
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Figure 100: Realisations of the fBm process for different values of the Hurst exponent H. The four
panels indicate increasing values of H = 0.2,0.5,0.7,0.9, from top to bottom, left to right.
The first panel corresponds to sub-diffusion, the second to Brownian motion, and the last
two to super-diffusion processes. The red line shows the variance of the process, that scales
as t2H.

5.4.2 Chaotic systems

In contrast to the stochastic processes discussed previously, deterministic systems are gov-
erned by equations admitting a unique solution, once the initial conditions are fixed. These
systems can nonetheless exhibit a highly complex behaviour, as shown in the following. Com-
plex dynamics can arise even from simple one-dimensional maps such as the logistic map, a
discrete sequence given by the equation

Xn+1 = TXnU _Xn) = f(Xn), (150)

with 0 < r < 4 so that f maps [0, 1] into [0, 1].

Analysing such systems consists in asking what is the long term behaviour of the sequence
as n — oo, for a given initial condition x¢. The simplest behaviour is the appearance of fixed
points, i.e. points satisfying f(x*) = x*. Once the map reaches such a value at some iteration
n, so that x* = xn, all future iterations will remain at this value and the system will no longer
evolve: xn41 = f(xn) = f(x*) = x*. In addition, if [f/(x*)| < 18, then the fixed point x* is

This condition can be understood by expanding the function f close to the fixed point, introducing a small per-
turbation N, such that xn, = x* +1, and determining whether the perturbation grows or decays over successive
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said to be stable: nearby trajectories eventually converge to it. If [f'(x*)| > 1, the fixed point
is unstable and nearby trajectories move away from it. In the case of the logistic map, a wide
variety of behaviours are observed depending on the value of the parameter r:

¢ Steady behaviour. The logistic map admits two fixed points, 0 for all values of r and
1—1/r for r > 1. When r < 1, the unique stable fixed point is 0 and becomes unstable
when r > 1, while 1 — 1/r is stable for 1 < r < 3.

¢ Periodic oscillations. Above v > 3, we enter the phase of period doubling: there are
no stable fixed points but there are two points that verify the following properties:
f(x2) = x1 and f(x7) = x2. Therefore these satisfy fz(xLz) = X1,2, where f2 = fofis the
iterate of f. There is a stable 2-period cycle for 3 < 1 < 1+ /6 ~ 3.449.

* Cascades of period doubling. As r goes beyond 1+ /6, the 2-period cycle becomes
unstable and we enter in a 4-period oscillations regime. As r further increases, the oscil-
lation period keeps doubling. If we note () the sequence of r values at which a period
doubling occurs, this sequence converges towards a limit value 1o, = 3.5699.... The 14
value is referred to as the onset of chaos. The distance between two consecutive period
doubling shrinks by a constant factor & = lim_ ol = 4.69.... This value, known
as the Feigenbaum constant, is found in other doubling cascades that occur for different
chaotic maps, not only the logistic one, and therefore bears a universal character.

¢ Intermittency and chaos. When r > 1, periodic motion is no longer observed, apart
from some periodic windows in which the system exhibits stable 3-period oscillations,
and the system becomes very sensitive to initial conditions.

The long term behaviour of the logistic map as a function of r is shown in Fig. 101.

iterations. The expansion yields x 1 = x* + 11 = f(x* +1n) = f(x*) + Nnf'(xn), leading to N = noA™, with
A=f'(x*).If A <1,nn — 0 so the sequence (xn) eventually converges to x*. Therefore x* is a stable fixed point
in this case. Conversely, if A > 1, 1, diverges and the fixed point is unstable.
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Figure 101: Dynamics of the logistic map xn+1 = Txn(1 —xn) for different values of the control pa-
rameter . Each panel shows the time evolution of the iterates x,, starting from the same
initial condition xp = 0.2. Panel (a), r = 2.8: the trajectory converges to a stable fixed point.
Panel (b), r = 3.2: the fixed point becomes unstable and the system enters a stable period-2
cycle. Panel (c), r = 3.5: further period-doubling leads to a period-4 orbit, signalling the
onset of complex behaviour. Panel (d), r = 3.9: the map evolves into fully developed chaos,
exhibiting aperiodic motion and strong sensitivity to initial conditions.
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Figure 102: Bifurcation diagram of the logistic map showing the long-term behaviour of the system
as a function of the control parameter r. The diagram illustrates the transition from a
stable fixed point (1 < v < 3) to period-doubling oscillations and the onset of chaos at
T =T = 3.5699. Beyond this point, the system exhibits fully developed chaotic dynamics,
interrupted by narrow periodic windows signalled by white regions.
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The logistic map is just an example of chaotic maps, and many one or two dimensional
maps exhibit similar behaviours. We mention here several other examples, that will be used
later on in Sect. 5.4.3.

The Hénon map is a two-dimensional iterative dynamical system defined by

2
Xn41 = 1— axy +Yn,

(151)
Ynt+1 = bXTlI
which exhibits chaotic behaviour for its canonical parameters a = 1.4 and b = 0.3.
The skew tent map is a one-dimensional piecewise-linear map given by
X
Wn’ if xn <w,
X1 =9 Y (152)
Xn
, ifxn 2w,
T—w

where 0 < w < 1 controls the asymmetry. For most values of w, the map is chaotic. In the
following, we used w = 0.1847, as done by Pessa and Ribeiro (2021).
The Schuster map (or intermittent map) is defined by

Xnt1 =Xn +x5 (mod 1), (153)

where z > 1. These values lead to intermittent dynamics characterised by intense outburst pe-
riods separated by quiescent times. Outbursts become rarer and the quiescient times periods
longer as z increases (Fig. 103).

Schuster map (z=1.5) Schuster map (z=2.0) Schuster map (z=2.5)
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Figure 103: Three trajectories of the Schuster map, for z = 1.5,2 and 3.5, from left to right panels.

5.4.3 Complexity-entropy plane

Stochastic and deterministic time series occupy different regions of the complexity—entropy
(CE) plane. Purely uncorrelated Gaussian noise lies at the point (H = 1,C = 0)9, while

9 The entropy measure H is often normalised by its maximum value Hmax, so that in the plane (H, C) where
H = H/Hmax, uncorrelated white noise indeed lies at the point (1,0).
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correlated stochastic processes, such as those described in Sect. 5.4.1, appear in regions of
high entropy and low complexity. In contrast, deterministic time series typically exhibit higher
complexity values for a similar level of entropy. For a given entropy level H, complexity values
are bounded within the range [Cmin(H), Cmax(H)]. The bounded nature of the CE plane, as
well as methods to compute its boundaries Cpin(H) and Cmax(H), is discussed in Martin,
Plastino, and Rosso (2006).

0.5 T T T T T '..'".j,..uu.,:,“-"~ T .
Max. Comp!exjty"_,,-"__ haotic

oer (Non-linear stochastic) .
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% 03|
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Figure 104: From Zanin and Olivares (2021). Approximate locations on the CE plane of time series
from stochastic processes and chaotic maps. The two dotted lines show the minimum and
maximum curves that delimit the range of possible complexity values a system can attain
for a given entropy.

Pessa and Ribeiro (2021) considered different stochastic processes, such as coloured noise,
and the fBm and fGn processes mentioned in Sect. 5.4.1. They compared their positions to
those of chaotic maps, such as the logistic map, the Hénon map, the skew tent map, and the
Schuster map mentioned in Sect. 5.4.2. Their results are shown in Fig. 105.

We attempted to reproduce their analysis, adding time series of different bright GRBs,
and compared their relative positions with those of chaotic maps and stochastic processes.
A caveat of this method in our case is the sensitivity to the length of the time series. In
fact, as mentioned in Sect. 5.3.4, the method based on PE is rigorously applicable only if the
length L verifies L > (D + 1)!, where D is the embedding dimension, to avoid the problem of
statistically missing patterns. In our case, we must therefore ensure that the number of points
is sufficient to perform the analysis, e.g. by considering GRBs with a sufficient duration and
low values of the embedding dimension D. For this reason, we restricted the analysis to
D < 5, as larger embedding dimensions require time series of at least ~ 320 s (assuming
a bin time of 64 ms), which exceeds the duration of most long GRBs. We considered GRBs
of duration Ty, ~ 30 —50s, therefore we restricted our analysis to D = 5, which requires
T > 46 s for LCs binned at 64 ms. One could study shorter GRBs or use larger dimensions if
using smaller bin sizes. However, the signal can be noisier at smaller timescales, which would
hamper the possibility to distinguish GRBs from stochastic processes (Fig. 110). Note that the
adopted time range is determined by the first and last time bins with signal exceeding the
S/N > 5 threshold. With this definition of time interval, GRB 190114C has the shortest signal,
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Figure 105: Complexity-PE plane. In this figure are shown time series from stochastic processes, such
as coloured noise (blue squares), fBm and fGn (blue and black inverted triangles), chaotic
maps such as the logistic map (orange triangle), the skew tent map (black dot), the Hénon
map (red square), and the Schuster map (white diamond) for three different values of its
parameter z. The embedding dimension is dx = 6 (dx corresponds here to the parameter
D previously introduced). Deterministic chaotic systems lie above stochastic processes in
this plane, exhibiting a lager degree of complexity for similar entropy values. From Pessa
and Ribeiro (2021).

and marginally satisfies our criterion for D = 5 (715 bins for 720 required). However, it also
lies above stochastic processes in the complexity-entropy plane for D = 4, where the constrain
on the length of the time series is less severe (120 bins).

Another important issue is the strong sensitivity of PE to the counting noise that inevitably
affects any real time series. In fact, as shown in Figure 106, PE fails to reveal the peculiar
dynamics of GRB time series, as these lie very close to uncorrelated white noise and other
stochastic processes in the CPE plane.

The inability of PE to distinguish GRB dynamics from purely stochastic behaviour is mainly
due to the fact that standard PE relies solely on the ordinal relations between successive
points to build the probability distribution and does not consider their relative amplitudes.
As explained in Sect. 5.3.5, this limitation can be overcome by using WPE. We therefore
performed a similar analysis in the CWPE plane. The results are shown in Fig. 107 for D =5
and Fig. 108 for D = 4.

In the CWPE plane, GRBs occupy an intermediate region between chaotic maps and stochas-
tic processes. Their complexity exceeds that of coloured noise and fBm processes for compa-
rable entropy levels. This result suggests that, if GRBs can indeed be modelled as stochastic
processes, the standard families of coloured noise and fBm processes do not possess a suf-
ficient degree of complexity to reproduce them. At the same time, GRBs do not reach the
high-complexity regime characteristic of purely chaotic systems. A possible reason is the pres-
ence of experimental Poisson noise in GRB time series, which tends to increase entropy and
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Figure 106: Relative positions of GRB230307A, GRB211211A, and GRB190114C in the CPE plane.
Green crosses show three different dynamics of the logistic map, corresponding to three
different cases exposed in Sect. 5.4.2. The three GRBs considered here lie in the lower right
corner of the CPE plane, making them indistinguishable from stochastic processes.

reduce complexity. To investigate this effect, we considered a noisy logistic map, constructed
by adding uncorrelated noise to the standard logistic map, and showed that its position in
the CWPE plane was shifted to higher entropy/lower complexity positions, moving it closer
to the region occupied by some GRB time series. We also investigated the position of GRBs
with different S/N ratios (Fig. 109). Nevertheless, the differences in the locations in the CE
plane of GRB LCs with respect to chaotic maps may also reflect genuinely different underly-
ing dynamics, and more tests should be performed to assess the chaotic nature of GRB time

series.
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Figure 107: Complexity- entropy plane in the case of WPE. Grey crosses represent a noisy logistic map,
obtained by adding a progressivey increasing amount of noise to the logistic map dynamics.
As the noise level increases, these values are shifted towards lower entropy values. Stars
of different colours represent the positions in the CWPE plane of GRB230307A (purple),
GRB211211A (yellow), and GRB190114C (brown). They lie in an intermediate position
between stochastic processes and chaotic maps. Other GRBs are shown by grey stars. These
were taken from the 200 brightest GRBs (with the larger fluence), and are long enough so
that the number of bins in the time interval is larger than (D + 1)! = 720 bins.
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Figure 108: Same as Fig. 107, except that the embedding dimension in this case is D = 4.
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Figure 109: Same as Fig. 107, except that we are showing different GRBs with a colour bar showing
the different S/N ratios.
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Figure 110: Same as Fig. 107, except that we are showing the position of GRB 230307A in this plane for
different bin time sizes.

[January 29, 2026 at 15:00 — classicthesis]



146

ENTROPY METRICS APPLIED TO PROMPT EMISSION LIGHT CURVES

5.5 USING ENTROPY TO DETECT WEAK GRBS

The entropy metrics described in the previous sections can be used to detect GRBs with
a relatively low S/N ratio. Indeed, since the value of entropy depends on the amount of
randomness of the signal, it can be used to spot a sudden and dim change in the time series,
such as the emergence of a transient signal.

This task is analogous to triggering a GRB. In fact, before and after the GRB onset, data are
essentially background-dominated. The temporal evolution of entropy can reveal the burst
occurrence through a sudden drop at the time of the burst. This method could be particularly
useful to detect weak GRB precursors, given their important theoretical implications (e.g.
Dichiara et al. 2023).

Consider a time series from tg to tn, with T = tn —to its duration. We define a moving time
window as a time interval of duration At = T/M, with M an integer, that is iteratively moving
across the time series with a time step 6t. We can define the segment A; = x([t; : t; + At]) of
duration At, with t; = to +1 x 5t that can partially overlap with the previous one A;_;, and
compute some entropy measure H; associated with A;. The time step ot used for sliding the
window over the time series is usually defined as a fraction of the total window width At.
The method is illustrated in Figure 111.
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Figure 111: lllustration of the entropy-based detection method. A GRB is simulated with a FRED pro-
file (black line), to which is added some Poisson noise. The grey curve represents the whole
signal, defined as the sum of the pulse and the background noise. Entropy is computed
on sliding windows (orange and blue intervals) of duration At with a time step 6t, whose
width is equal to 20% the total window width. When the window segment encompasses
only background signal, the entropy is high, while when it reaches a segment containing
the pulse, the entropy drops significantly and reaches a minimum value. By choosing a
suitable threshold, a detection algorithm can be built on this principle.

Should a deterministic signal be present in A;, then H;; would drop. Setting a threshold
Hgnr, one can detect this deterministic signal provided that H;; < Hg,. The principle of this
detection is illustrated in Fig. 112.
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Figure 112: Illustration of the detection of a deterministic signal using entropy metrics. Top panels: a
FRED-like signal (blue) with a rise time of 2 s and a decay time of 5 s with a decreasing
intensity from left to right panels (100, 50, and 20 cts/s) plunged in a background Poisson
noise of rate A = 100 cts/s. The black segment indicates the width At of the window. Bottom
panels: evolution of the spectral entropy as a function of the medium time of the sliding
window. The red dashed line represents the value of the threshold Hy, = 0.7 chosen in
this case. For the two leftmost panels, the deterministic signal is detected. In the rightmost
bottom panel, the deterministic signal remains undetected.

There are two relevant quantities to assess the efficiency of a detection algorithm, that are
both function of Hy,, namely the false positive (FP) and the true positive (TP) rates. The
former corresponds to the fraction of time bins the algorithm takes a statistical fluke as a
genuine signal, while the latter is the fraction of time bins the algorithm correctly identifies a
true signal. Unfortunately, these two quantities are not independent, and generally a higher
TP rate coincides with a higher FP rate (Fig. 113).

The threshold Hy,, must be determined as the result of an optimal trade-off between a high
TP rate and a low FP rate. To compare the performance of several algorithms, the FP rate
must be preliminary fixed to a common value shared by all the algorithms. An alternative is to
study these algorithms in the FP-TP rate plane. To determine the FP rate, we created a random
signal by drawing 107 bins from a constant Poisson process and measured the entropy of each
window segments of width At. We obtained a distribution of Hy,,, whose length depends on
the total number of bins and the sliding window step. The entropy threshold, for a given FP
rate, is easily computed by sorting the entropy distribution and taking the value below which
there are FP outliers, FP being the number of outliers for a given FP rate. This number is
simply obtained by multiplying the desired FP rate by the length of the entropy distribution,
which correspond to the number of tested windows (Fig. 114).

It is important to precise that, since this method does not test each time bin individually but
instead evaluates the entropy on sliding windows separated by the window step (generally
larger than one bin), we chose here to normalize it by the number of windows. Therefore, to
compute the FP rate, we divided the number of FPs by the number of tested windows, rather
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Figure 113: FP and TP rates as a function of the entropy threshold Hy,,. The left y-axis (in log scale)
represents the FP rate (red curve) while the right one shows the TP rate. As the entropy
threshold Hy,, gets closer to the noise level (high entropies), both the FP and TP rates
increases, the algorithm becoming simultaneously more sensitive and more prone to false
identifications.
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Figure 114: Distribution of entropy (in this case SVD entropy with D = 5 and T = 1) obtained by
scanning 107 bins drawn from a Poisson distribution. The dashed vertical red line indicates
the entropy threshold corresponding to a FP rate of 10> FP/window, while the shaded red
region shows the FPs. In this simulated time series, 10° window segments are inspected
(the step used for the sliding window being 10 bins), 10 FPs, lying on the red shaded
region, are detected.

than by the total number of bins. This procedure allowed us to derive the FP rate as a function
of the entropy threshold.
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To determine the TP rate, we used a signal formed of both a random and deterministic part,
the random one being given by Poisson noise with rate A = 100 cts/s and the deterministic
one by a Norris pulse with rise and decay times 2, and 5 s, respectively, and a peakedness of
1.5. For a great number Ngamples Of realisations of the random signal, we counted the fraction
of time the entropy of a window that encompasses the deterministic signal was such that
H < Hyy-

5.5.1  Comparison of the efficiency of the algorithms

We tested the efficiency of our algorithms for various configurations and parameter choices.
In particular we compared the results obtained when varying

¢ the type of entropy measure used, among spectral entropy, SVD entropy, etc,

¢ the entropy definition used to compute it, including Shannon (110) and Rényi (113)
entropies,

¢ the parameter values of these methods: the embedding dimension D, the lag time 7 for
SVD entropy, the o parameter of Rényi entropy, etc.

SVD entropy has two parameters, the embedding dimension D and the delay T. We tested
the various combinations to determine which is best suited to our case. This comparison is
shown in Fig. 115. It seems that, for a lag time fixed to T = 1, D = 10 provides the most
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0.8{ — D=10
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Figure 115: TP rate in the case of SVD entropy, for different values of the embedding dimension D. The
x-axis represents the S/N ratio of a signal formed with of a deterministic time series (in this
case, a Norris pulse) to which is added a background Poisson noise with a rate of 100 cts/s,
while the y-axis represent the corresponding TP rate, for a FP rate of 107> FP/window.
Coloured curves represent the TP rate values obtained for different values of D.
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efficient algorithm. This is preliminary and more values of D should be tested.
We also tested the effect of T on the efficiency of the algorithm, and the results are shown
in Fig. 115.
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Figure 116: Same as Fig. 115, except that we tested different values of the lag time .

We tested, for a given entropy measure, whether Shannon (Eq. 110) or Rényi (Eq. 113)
entropy yields the highest TP rate at a given FP rate. We found that Rényi entropy with o > 1
systematically provides a higher TP rate for a fixed common FP rate. An example of this
comparison, shown for SVD entropy, is presented in Fig. 117.

PE performed worse than both SVD and spectral entropy. As discussed in Sect. 5.3.4, its
lack of sensitivity to the relative amplitudes of successive vector components makes it par-
ticularly vulnerable to noise. WPE mitigates this problem by adding weights to vectors with
larger variance, as discussed in Sect. 5.3.5. However, even with this improvement, WPE still
performs worse than SVD or spectral entropy for detecting the kind of deterministic signals
considered here. Other entropy measures, such as those mentioned in Fig. 94, could be tested
and compared to SVD entropy.

5.5.2  Effect of the time window and the overlap

The time step used between two consecutive sliding windows could also affect the TP rate.
The step can range from a single time bin up to the full window size. In the former case,
two adjacent windows almost fully overlap, whereas in the latter they do not overlap at all.
The computational cost is larger for small window time steps, since the number of trials is
increased. However, the smallest step size does not provide the highest TP rate, the maximum
being reached for values around 5-20 % of the window length. The dependence of the TP rate
on the chosen step size is illustrated in Fig. 118.
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Figure 117: Comparison between Shannon and Rényi entropy. The green curve represents the TP rate
as a function of the peak amplitude A, for a fixed FP rate of 1 x 10~> FP/window, using
Shannon entropy, while the blue one is obtaining using Rényi entropy. The entropy mea-
sure used in both cases is SVD entropy, with an embedding dimension D = 9 and a lag

timet=1.
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Figure 118: Same as Fig. 115, but we tested different values of the step 5t between two consecutive
sliding windows.

The length of the window also influences the TP rate. When the window is comparable to
the intrinsic timescale of the signal (e.g. its FWHM), the TP rate reaches its highest values,
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whereas it decreases when the window length becomes significantly shorter or longer than
the temporal extent of the signal. A comparison of this behaviour is shown in Fig. 119.
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Figure 119: Same as Fig. 115, except that we tested different values of the window length, indicated as
a fraction of the pulse FWHM.

This is actually a crucial aspect of GRB detection: in a typical detection scenario, the
timescale of the signal is not known in advance. For this reason, standard trigger algo-
rithms such as MEPSA or those implemented on-board of missions such as CGRO/BATSE,
Fermi/GBM test multiple timescales. Therefore, the analysis we carried out so far using a fixed
timescale is not sufficient to assess the true efficiency of the trigger algorithm. We should de-
fine a strategy that applies a series of time windows and test it on a set of simulated or/and
real GRBs for which the timescale is not known a priori by the algorithm.

5.5.3 Prospects
This algorithm could be improved and further tested in several ways:

* by testing other entropy metrics;

¢ by applying the algorithm to pulses with different timescales and different shapes;

by studying its performance on pulses affected by variable backgrounds;

* by running the algorithm on already detected GRBs and precursors;

by applying it to new GRB detections, to spot weak GRBs with low S/N and/or weak
GRB precursors.

Why is the last point important? Detecting GRB precursors can be extremely valuable.
First, because it marks the true start of the activity of the central engine, allowing for the
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determination of its comprehensive duration. Second, for events originating from COMs, a
precursor may result from resonant shattering flares occurring during the inspiral phase of
a BNS or BHNS merger (Neill et al.,, 2022; Tsang et al., 2012), offering a rare insight into
the pre-merger dynamics. For example, a precursor has been identified in the time profile of
GRB211211A and GRB230307A, with properties compatible with the former interpretation
(Dichiara et al., 2023). By studying the properties of GRB precursors, we can gain deeper clues
into the physical properties of the binary system before the merger, including the strength of
the magnetic field at the surface of the NS. This highlights the need for a robust algorithm
capable of detecting these often very weak early signals.

56 CONCLUSION OF THIS CHAPTER

This chapter, more exploratory than the previous ones, introduced several techniques drawn
from various areas of science that enable the characterisation of the type of dynamics under-
lying the time series arising from complex systems. These techniques originate from informa-
tion theory, a discipline originally developed to quantify the amount of information contained
in a signal and its associated structure. Although these techniques are usually applied to tem-
poral signals very different from GRB LCs, and their applicability to GRBs is not immediately
obvious, they can nonetheless provide powerful information about the underlying GRB dy-
namics. In particular, they could serve as tools to determine where GRB light curves lie with
respect to deterministic and stochastic systems. Beyond this aspect, they may also prove use-
ful for the detection of weak signals, a key challenge in GRB studies, by helping identify faint
GRBs or precursor activity that might otherwise remain undetected.
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The temporal analysis of gamma-ray bursts (GRBs) carried out in this thesis sheds new light
on the physical processes driving their prompt emission. By applying different definitions of
variability to large samples of light curves (LCs), we have shown that the temporal behaviour
of GRBs encodes key information about their central engines and progenitor systems.

¢ In Chapter 2, we showed that GRB prompt emission exhibits features typical of systems
that are governed by self-organised criticality (SOC). This work, detailed in Maccary
et al. (2024b), is the first that treated this problem in terms of rest-frame properties,
accounting also for the selection effects. This suggests that the GRB central engine op-
erates close to a critical regime, where magnetic reconnection or accretion instabilities
could naturally give rise to avalanche-like energy releases.

¢ In Chapter 3, we identified the co-existence of two distinct variability components in
GRB time profiles: a slow, long-timescale component, and a fast, sub-second one (Mac-
cary et al., 2024a). This dual nature of variability provides a more complete picture of
the mechanisms shaping GRB light curves.

¢ In Chapter 3, using the novel measurement of the minimum variability timescale (MVT)
exposed in Camisasca et al. (2023b), we confirmed in Maccary et al. (2025) that this
method was robust, comparing it with different more traditional measures, such as
Bayesian blocks or pulse fitting. We confirmed already established correlations between
MVT and peak luminosity, and between MVT and the Lorentz factor. The MVT then
emerges as a valuable diagnostic tool to probe the dynamics of GRB outflows and to
distinguish between collapsar- and merger-origin bursts.

¢ In Chapter 3, the detailed study of the exceptional event GRB230307A, a long merger
candidate that is also the second brightest GRB ever detected, revealed a very peculiar
evolution of four properties (peak times, waiting times, full-width at half maximum,
spectral peak energy) of the pulses that make up the time profile of this burst. This
discovery calls into question the GRB emission mechanism itself, as it reveals that, for at
least for some GRBs, the pulse width evolves throughout the burst, in contrast to what
was previously concluded on a limited sample of LCs, at a time when most long multi-
peaked GRBs had not yet been observed. This evolution is reviving older scenarios, such
as external or refreshed shocks models, that naturally predict a similar kind of evolution.
We further show that these features are shared by other long compact object merger
candidates, such as GRB211211A and GRBo60614. This discovery (i) opens promising
prospects for identifying merger-driven GRBs directly from their y-ray time profiles, a
particularly relevant step with the recent launch of SVOM and the increasing number
of well-localised bursts with a peculiar profile, as demonstrated by a few recent GCN
notices; (ii) impose strong constraints on the physics of the prompt emission of these
candidates: in Maccary2s5b we proposed a few simple models that try to account for the
observed properties.
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¢ In Chapter 4, we attempted to model GRB time series as a stochastic process using
stochastic differential equations (SDEs). Based on the observed average properties of
prompt emission, we proposed a SDE that is able to model non-stationary short lived
signals and reproduce the distributions of a number of properties that are observed
in real events. At the time of writing, we are still in the process of optimising the pa-
rameters of this model through a genetic algorithm, a method that turned out to be
successful in modelling GRB light curves in a couple of previous works to which I con-
tributed. This innovative approach could open a field yet totally unexplored: specifically,
it may help understand to which extent GRBs are stochastic processes and, in this case,
what kind of dynamics drives their energy release.

¢ In Chapter 5, we examined entropy-based measures as a tool to characterise the dynami-
cal behaviour of prompt emission time series. We have in particular used the complexity-
entropy plane to investigate the position of prompt emission time series on this plane
compared to time series from stochastic processes and chaotic maps. We have prelimi-
narily explored the potential of this technique as a triggering algorithm and, although
further work is required to characterise its strengths and weaknesses, it might represent
a valid alternative to more traditional algorithms that are currently adopted.

Our work laid the basis for the following developments:

* Search for additional long merger candidates and test their compatibility with the
Amati relation for Type-II GRBs. We identified several long merger candidates that
exhibit the same distinctive set of properties found in GRB230307A and other long
mergers. We inspected their trajectories in the Amati plane for GRBs without redshift
and found significant outliers of the Type-II Amati relation. Based on these results,
we built a statistical test assessing the hypothesis that these long merger candidates
are randomly drawn from the Type-II GRB population under the assumption that the
latter satisfy the relation. We found that we can confidently reject (> 3 Gaussian o)
this hypothesis, implying that at least one of these candidates is incompatible with the
Type-II Amati relation. A paper reporting these results is under way.

¢ Search for long merger candidates in the BATSE sample. BATSE provides a large
dataset of GRBs with great signal-to-noise ratio, making it particularly suitable for iden-
tifying the properties observed in GRB 230307A and for testing pulse width evolution.
The previously suggested absence of pulse width increase with time was based on a
limited sample. A systematic investigation of the BATSE dataset could reveal additional
events with analogous properties, thus contributing to better constrain the fraction of
merger candidates among long GRBs.

¢ Simulate GRBs via stochastic differential equations. We will keep working on the
approach described in Chapter 4 to simulate LCs via a stochastic process generated
through a SDE and apply this method to reproduce prompt emission time series, as
they are observed by CGRO/BATSE, Swift/BAT, and Fermi/GBM.

¢ Assess the stochastic or deterministic character of GRB light curves using the complexity-
entropy plane. We will continue the approach of Chapter 5 to determine the relative
position of some bright GRB LCs with respect to time series from various stochastic
processes and chaotic maps.
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¢ Detection of weak GRB signals and precursors using entropy-based metrics. After
having robustly tested the algorithm, we aim to apply it to real time series to (i) test its
performance on previously identified weak triggers and reported precursor episodes,
and (ii) search for new and/or previously unreported precursor activity. Combined
with our existing tools we previously developed, this would constitute an additional
piece in the set of tools we developed that allow for the identification of long merger
candidates.

In summary, this thesis contributes to a deeper understanding of GRB temporal variability,
connecting observational signatures to their underlying physical origins. The methodologies
and results presented here pave the way for future studies with recently launched missions
such as SVOM, Einstein Probe, and proposed missions like THESEUS, which will vastly ex-
pand the accessible GRB population.
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APPENDIX

A1 COMPACTNESS PROBLEM

We begin by expressing the isotropic-equivalent energy of the burst. For a measured fluence
® and luminosity distance Dy, the isotropic energy release is

Ey o = 47D2® = 105 erg [ 2L ’ (D (154)
Yo - 8\3 Gpc 107 ergem=2 )
The emitting region cannot be larger than the causality radius associated with the observed
variability timescale 5T:

Ry =cdT. (155)

High—energy photons propagating through this region may annihilate into electron—positron
pairs. Pair production requires that /E1E; > mec?. The corresponding optical depth is ap-
proximately

Tyy ~ NOTRy, (156)

where n is the photon number density. To relate n to observable quantities, we note that the
flux can be written as ® = (nEi)c =L js0/ (471R%), which gives

I—y,iso
=, 1
"7 4rR2cE (157)

where L, ;s is the isotropic-equivalent luminosity, and E; the mean photon energy.
The luminosity is related to the isotropic-equivalent energy through

Ey,iso Ey,isoC

LVIiSO = ST = Ri (158)

The characteristic photon energy relevant for pair production is of order the electron rest

mass energy E; ~ m.c?. Substituting these relations into the expression for T, and retaining
only the fraction f, of photons energetic enough to participate in pair creation, we obtain

DL\ or
Finally, writing R; = c 6T and inserting fiducial values gives
O Dr \?/ oT \?
—10'3 ) 6
Ty 0 <1O—7 erg cm—2> <3 Gpc) (10 ms> (160)

This equation provide the expression of the optical depth in the classical non-relativistic
case. The excessively large value obtained in this case enter in contradiction with the observed
non-thermal emission. The resolution of this issue is provided by the existence of a relativistic
outflow, as explained in Sect. A.1.
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A.2 INTERNAL SHOCKS: RADIUS OF THE SHOCKS

The first shell is emitted at t = te, with velocity ;1 ~ 1T and I'} > 1. It expands as
Ry = Brc(t—te). (161)

The second shell is emitted at t = te + tyar, with Lorentz factor I'; > I'1 and velocity (3. Its
radial evolution is given by

Ry = BZC(t_te _tvar)- (162)

The internal shock occurs when the faster shell catches up with the slower one, i.e. when
R1 = Ry. This happens at time t = tig, such that

ts =te + BZB_ZE’] tvar. (163)
The corresponding internal shock radius is
RIS = [3[231_[32[31 ¢ tvar. (164)
In the ultra-relativistic limit (UR; ' >> 1), f ~1— 2%' so Eq. (164) can be expressed as
2rrs
Ris = W ¢ tvar, (165)

and for &I ~ T,

Ris ~ T2 ¢ tyar. (166)
A.3 INTERNAL SHOCKS: VARIABILITY IN THE OBSERVER FRAME
The collision between shells 1 and 2 in the rest frame of the central engine occurs at t = tis.

Correspondingly, a pulse is observed by the observer located at a distance D from the central
engine (see Fig. 120) at the arrival time t,g, given by:

D—R
tobs = tis + c IS' (167)

Using Eq. (161) to express Rys in function of tys:

D
tobszz'f'f)]te'f‘“ —B1)ts. (168)

Using Eq. (163):

D (1_B1)B2tvar
tops = — +te + —m———. 6
obs c +te + 52_61 (1 9)
In the ultra-relativistic regime, it becomes:
D 175 +T1¢
tobs =~ o +te + i@ tvar. (170)
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observer

- >

>

D

Figure 120: A pulse emitted at radius R = Rjg at time t;s is seen by the observer at distance D at time
tobs-

Using I, > TI'7, we finally obtain:

D
tobs = z + te + tvar. (171)

Hence the variability observed in the light curve is reflecting the initial variability imprinted
by the central engine.

A.4 INTERNAL SHOCKS: CONVERSION EFFICIENCY INTO Y-RAYS

The two shells moving with I'1 > I, collide and merge into a final shell with a Lorentz factor
I't. Some internal energy € is produced by the collision, in the co-moving frame of the merged
shell. The conservation of energy and momentum can be expressed as follows:

e
Ihmy c? + Fzmzcz =T <m1 +my + C2> Cz, (172)
1 1 € 1
milicy (11— +maloey [T— 5 =|mi+ma+— | Tecy [1— = (173)
I Iy c I's
or equivalently,

&
Mmy+Thmy =T% <m1 +my + C2> ’ (174)

&
my\/T? —T1+my/T7 — <m1+m2+cz> rz—1, (175)

Assuming I'1, T2 > 1:

mil +mals
[f ~ 176
f \/m1/r1+m2/F2 (176)
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The conversion efficiency of kinetic into internal energy is defined as (I't€ being the internal
energy in the observer frame):

Mot = I't€ 1 (my +mo)T¢ 1 my +mp (179)
eff = 5 = _—
(miTy +malz)e my I +mals \/m$+m§+(F1/F2+F2/F1)m1m2

For equal masses and putting x = %, we obtain:

() =1 -~ 79)
V2+x+1/x

The conversion efficiency as a function of x is drawn in Fig. 121, showing that a high con-
trast in Lorentz factors is needed to obtain the high conversion efficiency values required by
observations.
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X = F2/ F1

Figure 121: Conversion efficiency factor as a function of the Lorentz factor ratio of the two shells.

A.5 SDE: COMPUTATION OF THE MEAN OF THE GEOMETRIC BROWNIAN MOTION

To obtain the mean of the geometric Brownian motion, we essentially need to compute
E(e®Wt]. For that, since Wy ~ N(0, t), the moments of W, are given by:

E[W{] = 0if n is odd

EW] = t"/2(m—1)!1, if n is even,

(179)

withn—1)!'=n—-1)x (m—3) x ...
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Using the Taylor expansion of the exponential function and the linearity of the [E operator:

oM 2(m—1)!!

+oo
]E[eGXt] — Z o_nlE(WP) _ Z

' ' (180)
n=0 n n even n:
By letting n = 2k in the sum,
+o0 +oo
EleoX] — Zktk(Zk—1 Z 02Ktk (2k—TT x (2k—3T x ... _ oy otk (072
= (2 = (2k) x (2k—T1T x (2k —2) x (2k—3T x ... = 2kk! ’
(181)

A.6 SDE:COMPUTATION OF THE MEAN SQUARE DISPLACEMENT A LA ORNSTEIN-UHLENBECK

When computing the mean square displacement, we admit the computation of fé fé e O1s—s'ldsds’.
We now give a proof of it. To integrate the absolute value, we split the integration square

[0,t] x [0, t] into two triangles delimited by the equality line s = s’. The lower triangle is de-
fined as s € [0,t] and s’ € [0, s]. Since there is a clear symmetry between s and s’, we can
therefore integrate only on the lower triangle and multiply the result by 2:

t pt , t s ,
J J e Ols—s 'dsds’zZJ (J e 0(s—s )ds’>ds (182)
0J0 0 0

Then, we easily get

2t 2 1
GLU —e—BS)ds=6(t—6(1—e—9t)), (183)

proving therefore that

t pt
/ 2
J J e Ols—s 'dsds/:e—z(et—1+e_et). (184)
0Jo

A.7 PAPER I: DISTRIBUTIONS OF ENERGY, LUMINOSITY, DURATION, AND WAITING

TIMES OF GAMMA-RAY BURST PULSES WITH KNOWN REDSHIFT DETECTED BY FER-
MI/GBM
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Abstract

Discovered more than 50 years ago, gamma-ray burst (GRB) prompt emission remains the most puzzling aspect of
GRB physics. Its complex and irregular nature should reveal how newborn GRB engines release their energy. In
this respect, the possibility that GRB engines could operate as self-organized critical (SOC) systems has been put
forward. Here, we present the energy, luminosity, waiting time, and duration distributions of individual pulses of
GRBs with known redshift detected by the Fermi Gamma-ray Burst Monitor. This is the first study of this kind in
which selection effects are accounted for. The compatibility of our results with the framework of SOC theory is
discussed. We found evidence for an intrinsic break in the power-law models that describe the energy and the

luminosity distributions.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); High energy astrophysics (739); Gamma-ray

transient sources (1853); Relativistic jets (1390)

Supporting material: machine-readable table

1. Introduction

Gamma-ray prompt emission is the first electromagnetic
radiation observed from a gamma-ray burst (GRB) source. It is
caused by at least two different types of catastrophic events: (i)
the merger of a binary system of compact objects (Eichler
et al. 1989; Paczynski 1991; Narayan et al. 1992; Abbott
et al. 2017); (ii) the core collapse of fast-rotating, hydrogen-
stripped massive stars (dubbed as “collapsars”; Woosley 1993;
Paczynski 1998; MacFadyen & Woosley 1999; Yoon &
Langer 2005). Most events of the first (second) class are
associated with short (long) GRBs (SGRBs/LGRBs), with
some notable exceptions: short with extended emission GRBs
(Gehrels et al. 2006; Norris & Bonnell 2006), short GRBs
coming from collapsars (Ahumada et al. 2021; Rossi
et al. 2022), and long GRBs coming from mergers (Rastinejad
et al. 2022; Troja et al. 2022; Gompertz et al. 2023; Yang et al.
2024). In light of the emerging complexity, classes (i) and (ii)
are often now referred to as merger and collapsar GRBs, or,
equivalently, as type I and type II GRBs, respectively
(Zhang 2006).

The nature of the central engine that powers a GRB is still
debated, as either a hyper-accreting stellar-mass black hole
(BH; Lei et al. 2013; Janiuk et al. 2017; Sado 2019) surrounded
by a thick accretion disk, or a fast-rotating, highly magnetized
neutron star (NS, known as a “millisecond magnetar”;
Usov 1992; Wheeler et al. 2000; Thompson et al. 2004;
Metzger et al. 2011). In the case of a hyper-accreting BH, the
jet can be produced either by a neutrino-dominated accretion

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOIL.

flow (NDAF; Liu et al. 2017) in which neutrinos tap the
thermal energy of the accretion disk via neutrino—antineutrino
annihilation, launching a thermally dominated fireball (Popham
et al. 1999; Di Matteo et al. 2002), or through the Blandford—
Znajek (BZ) effect (Blandford & Znajek 1977), which converts
the BH spinning energy into a Poynting-flux-dominated
outflow. Also, in the case of a millisecond magnetar, the
rotational energy could be the source of energy (Duncan &
Thompson 1992; Metzger et al. 2011). Magneto-hydrodynamic
instabilities can also be considered to launch the jet, possibly
for both engines (Bromberg & Tchekhovskoy 2016).

GRB temporal profiles exhibit a remarkable variety in
intensity, duration, number of pulses, and variability in general.
Most profiles can be seen as a superposition of fast-rise
exponential decay pulses (FRED; Fishman & Meegan 1995).
Prompt emission is often characterized by phases of intense
activity separated by periods of prolonged inactivity (quiescent
times).

The study of the waiting times (WTs) indicates that a GRB
central engine could emit pulses according to a nonstationary
Poisson process (Guidorzi et al. 2015). The diversity of all
observed bursts could be understood as different realizations of
a common stochastic process. Should this be the case, an open
question is whether this process can be characterized in a more
detailed way, so as to reveal the dynamics that rule the energy
release. If positive, this would strongly constrain the way GRB
engines work and, ultimately, help identify their nature and the
powering mechanism(s).

Complex systems with many interacting elements, present-
ing erratic on—off intermittency (such as earthquakes, neuronal
activity, the stock market, the evolution of species) can be
interpreted in the framework of self-organized criticality (SOC;
Sornette & Sornette 1989; Bak & Sneppen 1993; Bartolozzi
et al. 2005; de Arcangelis 2012). Invoked to explain the
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ubiquitousness of 1/f noise spectra, SOC was originally
applied to describe sandpile avalanches (Bak et al. 1987,
1988). A SOC system can be seen as an out-of-equilibrium
nonlinear dynamical system in which energy steadily brought
by an external source drives the system toward a critical point,
at which the energy is liberated through scale-free avalanches
(Aschwanden 2014).

One of the signatures of SOC lies in its scale invariance: the
released energy, luminosity (or peak flux, depending on the
context), duration, and WT of individual avalanches are power-
law (PL) distributed, with a set of relations between the
different PL indices (see Section 4).

SOC has been utilized to explain a wide range of
astrophysical phenomena, such as solar flares, lunar craters,
Saturn rings, auroral emission from Earth’s magnetosphere,
pulsar glitches, blazars, and stellar flares (see Aschwanden
et al. 2018 for a review; Aschwanden & Giidel 2021). One of
the main accomplishments of SOC theory is the successful and
exhaustive description of solar flares (Lu & Hamilton 1991;
Charbonneau et al. 2001; Aschwanden & Aschwanden 2008a,
2008b; Aschwanden & McTiernan 2010; Wang & Dai 2013).
A body of evidence for SOC behavior was also found in the
case of soft gamma-ray repeaters (SGRs) or magnetars
(Nakazato 2014), which are also GRB engine candidates. It
is worth noting that SOC behavior in the case of a BH
surrounded by an accretion disk was also investigated as well
as for the X-ray flaring activity of the Galactic center, Sgr A*
(Li et al. 2015; Yuan et al. 2018).

Do GRB engines work as SOC systems? Cellular automata
(CA) simulations of 1D and 2D magnetized outflow demon-
strated that such systems could reach a SOC state (Danila
et al. 2015; Harko et al. 2015). This is consistent with the
picture of prompt emission being the result of fast magnetic
reconnection events occurring in a Poynting outflow powered
by a highly magnetized NS. Such CA simulations were also
performed in the case of a hyper-accreting BH (Mineshige
et al. 1994), another leading candidate as a GRB progenitor.
Thus, the SOC interpretation could actually be consistent with
radically different theoretical pictures of prompt emission. In
the case of a hyper-accreting BH, SOC avalanches could be
triggered either by the thermal instability of the accretion disk
(Janiuk et al. 2007; Janiuk & Yuan 2010; Taylor et al. 2011) or
by magnetic instabilities, such as a kink-mode instability
(Giannios & Spruit 2006; Bromberg et al. 2019) or a tearing-
mode instability (Del Zanna et al. 2016; Yang 2019), while
only magnetic instabilities are expected in the millisecond-
magnetar scenario.

Evidence for SOC in GRB X-ray flares was suggested by
Wang & Dai (2013), whose results could be understood as a 1D
SOC system with normal diffusion. Multipulsed LGRBs (Lyu
et al. 2020), SGRBs (Li et al. 2023), and LGRB precursors
(Li & Yang 2023) seem roughly compatible with a 3D one. In
these works, the GRB properties are PL distributed, even if the
agreement with SOC theory is not always compelling. More-
over, observables such as the fluence or peak flux of pulses are
often considered, which might not necessarily reflect an
intrinsic property of GRB engines, but strongly depend, among
other things, on redshift. In this paper, we used a sample of
type I GRBs detected by the Fermi Gamma-ray Burst Monitor
(GBM; Meegan et al. 2009) with known (spectroscopic)
redshift to compute the distributions of the isotropic-equivalent
released energy, of the luminosity, of the duration, and of the

Maccary et al.

WT of the individual pulses that compose GRB light curves.
We performed a thorough estimation of the selection effects,
splitting our sample into redshift bins and estimating the
detection efficiency separately for each redshift bin. The
redshifts of our data sample were determined through spectro-
scopic observations of either the optical afterglow or the host
galaxy.

Section 2 describes the GRB samples and the data analysis, and
the results are reported in Section 3 and discussed in Section 4,
with conclusions in Section 5. In Appendix, the impact of
performing a time-averaged analysis instead of a time-resolved one
is discussed. Hereafter, we used a flat Lambda cold dark matter
(ACDM) cosmology model with the latest cosmological parameter
values Hy=67.66kmMpc~'s™' and Qy=0.31 (Planck Colla-
boration et al. 2020).

2. Data Analysis
2.1. Sample Selection

The GBM consists of 12 Nal scintillators sensitive in the
8-1000 keV energy range and two BGO scintillators, sensitive
to higher energies (150keV-30MeV), overlapping at low
energies with Na I detectors.

We first selected all the GRBs detected by the GBM from
2008 August to 2022 July, with redshift measured spectro-
scopically, except for a few constraining photometric esti-
mates.® We excluded 130427A and 221009A from our analysis
since the main burst saturates all Na I detectors of the GBM
(Ackermann et al. 2014; Lesage et al. 2023).

To ensure that the population of GRB progenitors is as
homogeneous as possible, we selected only type II GRBs. To
this aim, we first considered events with Ty > 2 s (Kouveliotou
et al. 1993). We used Ty, after excluding the LGRBs that have
been reported as credible type I candidates. The boundary value
of Too=2s was originally derived from the catalog of the
Burst And Transient Source Experiment (BATSE; Paciesas
et al. 1999); this threshold depends on the energy passband of
the instrument and, as such, is consequently different for the
BATSE (~2.45s), the Neil Gehrels Swift Observatory BAT
(0.8 s, see Gehrels et al. 2004; Bromberg et al. 2013) and the
GBM (~4.2s; see von Kienlin et al. 2020). We therefore
assumed the more conservative threshold of Toy > 4.2 s, as it is
more suitable for the GBM. Ty, values were taken from the
GBM catalog (von Kienlin et al. 2020).

Despite its Tog = 2.6 £ 0.6 s, we included 141004A because
two independent telescopes (the Gran Telescopio Canarias and
the Reionization and Transients Infrared Camera) detected a
possible brightening in the optical counterpart that was
interpreted as an emerging supernova (Schulze et al. 2014b;
Littlejohns et al. 2014). The same applies for 200826A, with
Too=1.14 £ 0.13 s, for which robust evidence for a collapsar
origin was found (Ahumada et al. 2021; Zhang et al. 2021;
Rossi et al. 2022). Among the long-lasting GRBs we excluded
211211A, for which compelling evidence for a type I burst was
reported despite its Tog of 34 s and a multipeaked light curve
that deceptively looks like that of a typical type II GRB
(Rastinejad et al. 2022; Troja et al. 2022; Yang et al. 2022;
Gompertz et al. 2023). We also excluded two GRBs (090510
and 161129A) among the so-called short with extended
emission GRBs (Norris & Bonnell 2006), which are likely

6 They are 120922A, 151111A, and 200829A with, respectively, z = 3.1 + 0.2,

z=35+03,and z=125+£0.2.
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Table 1
The First Five GRBs of the Final Sample
GRB Trigger Name Trigger Time Too Too.err z Zref
UT) (s) (s)
080804 bn080804972 23:20:14.879 24.704 1.46 2.2045 (1)
080810 bn080810549 13:10:12.581 75.201 3.638 3.35 )
080905B bn080905705 16:55:46.843 105.984 6.802 2.374 3)
080916A bn080916406 09:45:18.938 46.337 7.173 0.689 4)
080928 bn080928628 15:04:56.048 14.336 4.007 1.692 )
Notes.

% (1) Thoene et al. (2008), (2) Prochaska et al. (2008), (3)Rowlinson et al. (2010), (4) Fynbo et al. (2008), (5) Vreeswijk et al. (2008), (6) D’ Avanzo et al. (2008), (7)
Kriihler et al. (2015), (8) Berger & Rauch (2008), (9) Kriihler et al. (2015), (10) Cucchiara et al. (2008), (11) de Ugarte Postigo et al. (2009b), (12) Kriihler et al.
(2015), (13) Chornock et al. (2009), (14) Cenko et al. (2009), (15) Salvaterra et al. (2009), (16) Wiersema et al. (2009a), (17) de Ugarte Postigo et al. (2009a), (18)
Thoene et al. (2009a), (19) Cano et al. (2011), (20) Cucchiara et al. (2009¢), (21) Fynbo et al. (2009), (22) D’Elia et al. (2010), (23) Cucchiara et al. (2009b), (24) Xu
et al. (2009), (25) Cucchiara et al. (2009a), (26) Thoene et al. (2009b), (27) Wiersema et al. (2009b), (28) Cucchiara & Fox (2010), (29) Kruehler et al. (2013b), (30)
Thoene et al. (2010), (31) Kruehler et al. (2013a), (32) Flores et al. (2010), (33) O’Meara et al. (2010), (34) Tanvir et al. (2010), (35) Chornock & Berger (2011), (36)
de Ugarte Postigo et al. (2011), (37) Chornock et al. (2011b), (38) Sparre et al. (2011), (39) Milne & Cenko (2011), (40) Tanvir et al. (2011), (41) D’ Avanzo et al.
(2011), (42) Chornock et al. (2011a), (43) Klose et al. (2019), (44) Malesani et al. (2013), (45) Cucchiara & Prochaska (2012), (46) Tello et al. (2012), (47) de Ugarte
Postigo et al. (2013b), (48) Tanvir et al. (2012b), (49) Xu et al. (2012), (50) Tanvir & Ball (2012), (51) Thoene et al. (2012), (52) Sanchez-Ramirez et al. (2012), (53)
Hartoog et al. (2012), (54) Knust et al. (2012), (55) Tanvir et al. (2012a), (56) Perley et al. (2012), (57) Cucchiara & Fumagalli (2013), (58) de Ugarte Postigo et al.
(2013a), (59) Levan et al. (2013), (60) Jeong et al. (2014b), (61) Smette et al. (2013), (62) Tanvir et al. (2013), (63) Singer et al. (2013), (64) Sudilovsky et al. (2013),
(65) Selsing et al. (2019), (66) Xu et al. (2013), (67) de Ugarte Postigo et al. (2013b), (68) Malesani et al. (2014), (69) Schulze et al. (2014a), (70) Jeong et al. (2014a),
(71) Tanvir et al. (2014), (72) Fynbo et al. (2014), (73) Wiersema et al. (2014), (74) de Ugarte Postigo et al. (2014c¢), (75) Singer et al. (2015), (76) Kasliwal et al.
(2014), (77) Bhalerao et al. (2014), (78) Castro-Tirado et al. (2014b), (79) de Ugarte Postigo et al. (2014a), (80) Gorosabel et al. (2014a), (81) Castro-Tirado et al.
(2014a), (82) Xu et al. (2014), (83) de Ugarte Postigo et al. (2014b), (84) Gorosabel et al. (2014b), (85) de Ugarte Postigo et al. (2015a), (86) de Ugarte Postigo et al.
(2015¢), (87) Pugliese et al. (2015), (88) de Ugarte Postigo et al. (2015b), (89) Tanvir et al. (2015), (90) D’Elia et al. (2015), (91) Perley et al. (2015), (92) Bolmer
et al. (2015), (93) Tanvir et al. (2016), (94) Castro-Tirado et al. (2016a), (95) Xu et al. (2016b), (96) Castro-Tirado et al. (2016b), (97) Xu et al. (2016a), (98) Selsing
et al. (2019), (99) Castro-Tirado et al. (2016c¢), (100) Malesani et al. (2016), (101) Cano et al. (2016), (102) Xu et al. (2017), (103) Kruehler et al. (2017), (104) de
Ugarte Postigo et al. (2017¢), (105) de Ugarte Postigo et al. (2017b), (106) de Ugarte Postigo et al. (2017d), (107) de Ugarte Postigo et al. (2017¢), (108) Melandri
et al. (2019), (109) de Ugarte Postigo et al. (2017a), (110) Tanvir et al. (2018), (111) Sbarufatti et al. (2018), (112) Izzo et al. (2018), (113) Izzo et al. (2019), (114)
Vreeswijk et al. (2018), (115) Rossi et al. (2018), (116) Vielfaure et al. (2018), (117) Fynbo et al. (2018), (118) Castro-Tirado et al. (2019), (119) Perley et al. (2019),
(120) Rossi et al. (2019), (121) Valeev et al. (2019), (122) Malesani et al. (2019), (123) Yao et al. (2021), (124) de Ugarte Postigo et al. (2021a), (125) Rossi et al.
(2022), (126) Oates et al. (2020), (127) Kann et al. (2020a), (128) Kann et al. (2020b), (129) Vielfaure et al. (2020a), (130) Vielfaure et al. (2020b), (131) Xu et al.
(2021), (132) de Ugarte Postigo et al. (2021a), (133) Zhu et al. (2021), (134) de Ugarte Postigo et al. (2021b), (135) Thoene et al. (2021), (136) Kann et al. (2021),
(137) Pozanenko et al. (2021), (138) Fynbo et al. (2022a), (139) Castro-Tirado et al. (2022), (140) Fynbo et al. (2022b), (141) Saccardi et al. (2022), (142) Izzo et al.
(2022).

(This table is available in its entirety in machine-readable form.)

type I GRBs in spite of their long duration due to a spectrally
soft, long-lasting tail. As a result, we were finally left with a
sample of 142 type II GRBs. The sample is described in
Table 1.

2.2. Light-curve Extraction and Background Interpolation

The GBM has 12 Na I detectors oriented so as to provide a
nearly uniform coverage of the sky. Only a fraction of the 12
detectors have a good view of any given GRB, typically the
ones with a small angle between the normal of the detector and
the direction of the GRB. To increase the signal-to-noise ratio
(S/N), one conveniently sums up the most illuminated
detectors’ light curves. Summing too many detectors would
mainly add noise and end up with a worse S/N. To find the
optimal combination, we applied the following strategy: (i) we
preliminarily selected the detectors with a viewing angle
0 < 60°, as recommended by the GBM team (Bhat et al. 2016),
unless no detector fulfilled the previous condition or when
these detectors had been used by the GBM team to compute the
Too (von Kienlin et al. 2020); (ii) we generated all combinations
of detectors and their corresponding light curves (e.g., if we
selected detectors nl, n2, n3 at step 2, then we considered the
different combinations nl+n2, n2+n3, nl4+n3 and nl+n2
+n3); (iii) we took the combination with most pulse candidates
(with S/N>6). In case of equality, we opted for the

combination of detectors that maximizes the total S/N of all
identified pulse candidates. For each GRB, we extracted the
Time-Tagged Event (TTE) light curves for the selected Na I
detectors in three different energy channels: 8-1000, 30-1000,
and 40-1000 keV. TTE data typically cover from —30 to 300 s
with respect to the trigger time. For some extended triggers,
TTE data coverage extend from —100 to 450 s. For very long
GRBs (Tog 2 600 s), TTE data do not cover the full extent of
the events, as in the case of the ultra-long 091024 (Virgili
et al. 2009; Gruber et al. 2011a), so we used instead the CSPEC
data.” For the ultra-long 160625B (e.g., Zhang et al. 2018) we
used TTE data for the first part of the event (r <400 s) and
CSPEC data for the second part (t > 400 s).

The light curves were extracted using the publicly available
GBM tools (Goldstein et al. 2022).> We binned these light
curves with a time resolution from 16 to 1024 ms. Some GRBs
had particularly short timescales that required the higher
resolution of 4 ms ° (see Section 2.3 for more details on the
identification of the optimal bin time for each GRB).

7 CSPEC data are continuous high-spectral-resolution data with 1.024 s time

resolution during bursts.

8 https://fermi.gsfc.nasa.gov /ssc/data/analysis /gbm/gbm_data_tools/
gdt-docs/

° This was the case for 090424, 090902B, 090926, 130427A, 180720B, and
190114C.
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In order to interpolate the background in the “on-source”
time interval (where the burst is present), we chose two “off-
source” windows and modeled the background with a
polynomial function with order up to three. To check the
quality of the interpolation, we computed the normalized
residuals ¢; in the off-source windows, defined as

ri — b,‘

€ = > (1)

Oy,
where r; is the count rate in the ith bin, b; is the interpolated
background count rate, and o;, is the count-rate uncertainty in
the ith bin, given by

o= |, 2

obtained assuming a Gaussian regime in counts per bin time
At. An optimal background modeling is characterized by
normally distributed residuals with null mean value and unity
standard deviation N(0, 1) (standardized normal distribution).

The background-subtracted light curve was considered for
the next steps in the analysis, provided that the following
conditions on the mean value y, and standard deviation o, were
fulfilled: |¢| < 0.2 and |0, — 1| < 0.2. Otherwise, the corresp-
onding detector was ignored.

We obtained a background-subtracted light curve indepen-
dently for each detector and energy passband, and then we
added them through all the combinations mentioned above to
obtain as many background-subtracted light curves. We
selected for the following study the light curve associated with
the best combination of detectors.

2.3. Pulse Identification

Pulses were identified using MEPSA (Guidorzi 2015), a peak-
search algorithm designed and calibrated to find statistically
significant local maxima in GRB light curves.'® Each pulse
candidate is characterized in terms of the pulse peak time #,, the
pulse peak rate A, the S/N, and the detection timescale at
which the pulse was detected with the highest S/N, hereafter
denoted Atge. For the goal of the present analysis, we rejected
all the pulse candidates with S/N < 6 to ensure a high purity.

Since MEPSA applies to uniformly binned light curves, we
preliminarily had to determine the optimal bin time for any
given GRB. On the one hand, using an unnecessarily short bin
may lead to relatively numerous statistical fluxes. On the other
hand, a too coarse resolution would wash out genuine temporal
structures with a consequent loss of information. We opted for
the longest bin time At for which all the pulses detected by
MEPSA are resolved. This condition was implemented by
requiring At < Atge ;/2 for any generic ith pulse candidate. As
for the choice of the combination of detectors, we took the one
with the most pulse candidates, as explained in Section 2.2.

We applied MEPSA to the light curves in the three energy
passbands mentioned in Section 2.1 and with a bin time in the
range 16-1024 ms, with a maximum rebin factor of 100 (see
Guidorzi 2015 for details), except for the few GRBs which
required a 4 ms resolution (see Section 2.2). In harder channels,
pulses tend to be narrower (Fenimore et al. 1995): We

19 This code is registered at the ASCL with the code entry ASCL 1410.002
and is also available at https://www.fe.infn.it/u/guidorzi/new_guidorzi_
files/code.html.
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exploited this property to improve our ability in identifying and
separating partially overlapped pulses.

Since most photons are relatively soft due to GRB spectral
shapes, neglecting the softer energy channels turns into a
statistically poorer S/N. We therefore chose to merge the
results obtained with MEPSA on the three different energy
ranges, whenever visual inspection suggested the presence of
blended pulses that were missed by MEPSA in the analysis of
individual energy channels. We made sure to count just once
the pulses that were identified in more than one energy band.
To this aim, we adopted the following strategy: let fo; and
Atger; be, respectively, the pulse peak time and the detection
timescale of the ith pulse candidate detected by MEPSA in the
8-1000keV band. Let t'o; and Afye; be the analogous
quantities of the jth pulse candidate from one of the harder
channels. The two pulse candidates are tagged as distinct ones
if their intervals do not overlap:

Atget,i Atgeri Al ey AF ger j
e I R R

3
The condition of Equation (3) eliminates most multiple

detections of the same pulse, except for a few cases, which
were corrected after visual inspection.

2.4. Light-curve Modeling

We modeled each identified pulse candidate with a FRED
profile, which was found to describe most GRB pulses (Norris

et al. 1996):
v
exp[—(M) ] (t < to)
T

N(tto, A, 7, § v) = A “

exp[(%) ] (t > o),

where A is the pulse peak rate, #, the pulse peak time, 7, the
pulse rise time, & the decay-to-rise ratio (note that the pulse
decay time is 7, = &£7,), and v the so-called peakedness, which
determines the pulse sharpness. As first noted by Norris et al.
(1996) in the analysis of BATSE bursts, £ mostly ranges
between 2 and 3, whereas v lies between 1 (pure exponential)
and 2 (Gaussian). Finally, we investigated the impact of the
choice of the pulse model by alternatively adopting the one
proposed in Norris et al. (2005). In this model, two parameters
(two timescales) instead of three are needed to define the shape
of a pulse.

We used a nonlinear least-squares algorithm to fit the light
curves with a superposition of Norris pulses,!’ as in
Equation (5):

NP
f@) = ZN(ﬂlon Ai, T, &, V). (5)

i=1
The number of pulses N, was given by the results of MEPSA.
We used the pulse peak times and the pulse peak rates given by
MEPSA as starting values for the fit. We set some boundaries on
the 5N, parameters (five for each pulse). The pulse peak time of
a generic ith pulse was constrained to be in the interval

' The fit was done using scipy.optimize.curve_fit fromthe scipy
library (Virtanen et al. 2020).
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Figure 1. 150314A background-subtracted light curve (red) along with the
best-fit model (black). The typical error size is shown in the top left. The black
horizontal line represents the interpolated background. Blue dashed curves
represent the individual pulses detected by MEPSA while orange ones represent
pulses added by visual inspection to improve the fit of this complex GRB time
profile.

[to; — Atgeri/2; to; + Ataeri/2]. The pulse peak rate was
allowed to vary within the interval [A; — nyou; A; + npou,],
where 0y, is the pulse peak rate error given by MEPSA, whereas
n, can be adjusted by the user. For well-separated pulses, we
used n,=1. Instead, for partially overlapped pulses, we
allowed larger values for n,. For the GRB light curves
consisting of a forest of overlapped pulses, we left the pulse
peak rate unconstrained. To avoid unrealistic modeling of
pulses, we constrained ¢ and v in the following ranges:
0.1 <¢< 10 and 0.4 <v <4, as suggested by the results by
Norris et al. (1996) in their systematic analysis of BATSE
GRBs, which shared energy passband with the GBM Na I
detectors.

Similarly to the validation of the background modeling
(Section 2.2), we here verified the quality of the fit by
computing the corresponding normalized residuals, defined as

€6 = rlif(l’) (6)

oy,

where 7; is the ith count rate, o, its associated uncertainty, and

f(t,) the count rate predicted by the model of Equation (5) at
time f;.

We computed the mean, median, and standard deviation of
{€;} over the same time interval that was used for the
background interpolation plus the one that includes the GRB
profile. Ideally, ¢; should be distributed as a standardized
Gaussian N(0, 1). A nonzero mean would reveal unaccounted
trends in the modeling, whereas a value of o0 > 1 (0 < 1) would
indicate under- or overfitting. A poor modeling often turned out
to be due to the presence of weak and/or blended unaccounted
pulses; in such cases, we applied the strategy described in
Section 2.3 to add pulses to the signal until we reached an
acceptable solution. In some cases, we had to add pulses by
visual inspection, until the quality of the fit improved
sufficiently. Figure 1 shows an example. For a few challenging
GRBs, we could only come up with a relatively poor fit. More
details are reported in Section 3.

For each GRB, we obtained a set of 5N, best-fit parameters
fge With an associated covariance matrix g, which was used
to estimate the uncertainties on the best-fit parameters. The
uncertainties on the best-fit parameters are given by the square
root of the diagonal of the covariance matrix. For each GRB,

Maccary et al.

we randomly generated a sample of 10° sets of parameters
around the best-fit solution according to a multivariate
Gaussian distribution N{jg,, Xp) truncated along the posi-
tive-definite parameters. Once the best-fit profile of Equation (4)
was known for every pulse, we computed the integral counts of
the ith pulse:

+00
C,' = f N([lt()iy Ai, Tr.i» §,-, Vi) dt. (7)

The uncertainty on C; was estimated as the standard deviation
of the corresponding distribution of values generated by
random realizations of the set of parameters using Mg, Sir)-

2.5. Isotropic-equivalent Energy and Luminosity

In the following, energy flux (erg per square centimeter
second) and fluence (erg per square centimeter) are denoted
with F and &, respectively.

We estimated the fluence of the ith pulse as ®;= C;fio,
where fior = Pt/ Cior 18 the conversion factor obtained from the
corresponding time-integrated quantities. ®y is the fluence of
the whole GRB and Cy, is the corresponding counts calculated
on the same time interval.

b, was estimated by taking the best-fit model and its
associated spectral parameters provided by the GBM GRB
catalog.'” For 091024, we used instead fluence values on the
whole event provided by Gruber et al. (2011b). K-corrections,
needed to estimate the fluence in the common rest-frame
energy passband 1-10*keV, were computed in the following
way:

i ':%4 EN(E) dE

I L —— (8)
I 9% EN(E) dE

This choice complies with what is usually adopted in the GRB
literature (e.g., Amati et al. 2002). Therefore, we computed P,
as Py =k, Pg 1000- This procedure assumes a negligible
impact of the spectral evolution throughout the GRB; in
Appendix, we show that the impact of our approximation on
the resulting pulse energy distribution does not affect our
conclusions significantly.

The corresponding released isotropic-equivalent energy is
calculated as

drd?
Enos = 21 g, ©)
1+z

where d; is the luminosity distance.'> The corresponding
isotropic-equivalent luminosity is computed as

Liso,i = 47Td1% F, (10)

where F; = A, fio-

12 The considered spectral models are power law, band, Comptonized, and
smooth broken power law. Their descriptions are available at https://fermi.
gsfc.nasa.gov /ssc/data/analysis/gbm/gbm_data_tools/gdt-docs/api/api-
spectra.html#spectral-functions.

'3 The luminosity distance was computed with cosmological parameters
mentioned in Section 1 using the package Planckl8 of the astropy.
cosmology library.
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Figure 2. ¢ and v distributions for the whole sample. Red vertical lines indicate
the chosen parameter boundaries (0.1 < £ <9 and 0.4 <v < 4).

3. Results

MEPSA detected 974 pulses in the 8-1000 keV band, while
13 additional pulses were detected in the harder channels. We
had to add at least one pulse by visual inspection for 45 GRBs.
Overall, we added 159 undetected pulses to the 987 detected by
MEPSA, so that the final sample consisted of 1146 pulses, of
which 14% had to be identified through visual inspection.

We split the GRB sample in two groups, depending on the
quality of the modeling and on the presence of pulses with
extreme values of the parameters which define the pulse shape
(¢ and v). The Silver Sample'* (hereafter, SS) includes both (i)
GRBs with a standard deviation of the normalized residuals
deviating from 1 by at least 0.1, |0, — 1| > 0.1, and (ii) GRBs
for which the best-fit model contains at least one pulse with an
extreme shape in terms of parameters & and v (either £ < 0.11
or £ >8.99 and v < 0.41 or v > 3.99, respectively). The Golden
Sample (hereafter, GS) includes all the remaining GRBs.

The GS (SS) consists of 119 (23) GRBs. In terms of pulses,
the GS (SS) includes 696 (450) pulses. On average, SS GRBs
have more pulses per GRB, with a median of 15 against three
of the GS. They are also brighter and more energetic, with a
median fluence ~4.5 times higher (4.4 x 1075 versus 9 x 107°
erg cm2). The isotropic-equivalent energy of SS GRBs is on
average ~7 times bigger (4.3 x 10°* versus 6.2 x 10°? erg).
The fact that, on average, the GRBs having the best signal are
also the most problematic ones to model reveals the degree of
complexity of GRB time profiles as well as the limits of our
approach.

Our mean values of (£) and (v) for the whole sample (GS
+SS) are, respectively, 2.6 and 1.6, which is broadly
compatible with the corresponding distribution obtained by
Norris et al. (1996) for BATSE GRBs (Figure 2).

3.1. Detection Efficiency

To account for the completeness limit of the energy and of
the luminosity distributions, we estimated the detection
efficiency as a function of the pulse peak rate A. In the case
of energy, the detection efficiency is a function of the pulse
counts 1.

In either case, we estimated MEPSA efficiency to detect
features on samples of simulated pulses with different shapes
for given pulse peak rates/pulse counts. We carried out two
complementary kinds of simulations: (i) single- and (ii)
multipulse.

14 They are 080810, 090328, 090927, 091003, 091024, 100414A, 100728A,
120711A, 130528A, 131108A, 140304A, 141220A, 150403A, 160629A,
161117A, 170214A, 171010A, 180205A, 180720B, 180728A, 181020A,
220101A, and 220627A.
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For (i), for every GRB we took its interpolated background
profile and added a randomly generated FRED pulse. We
finally added Poisson noise.

For (ii), for every GRB we randomly generated and added a
FRED pulse to the best-fit model of the real GRB light curve
plus the modeled background curve. Hence, we ended up with
as many replicates of the original GRB light curves, each of
which included one additional synthetic pulse. This was done
in order to mimic the more realistic situation in which a given
pulse might have occurred in conjunction with other ones that
were already identified. We finally added Poisson noise.

Each simulated pulse was generated assuming for #,, & and v
the corresponding log-normal distributions that best fit the
observed distributions of the same parameters in the real samples.
These best-fit log-normal distributions were validated through a
two-population Kolmogorov—Smirnov (KS) test.'”> A random
variable X is log-normally distributed if In(X) ~ N(u, o2).
The best-fit log-normal distribution parameters (u, o) are
(—0.69, 1.5), (0.66, 0.97), and (0.35, 0.62) for #, (expressed in
seconds), &, and v distributions, respectively.

In the case of energy, the simulated pulse peak rate A was
computed as a function of a given I, which is the total counts
assigned to a given pulse. The rationale behind this choice is to
describe the detection efficiency for pulses with a given I,
which is the most important parameter for a pulse to be
detected (against a given background rate). Since I scales
linearly with A (see Equation (7)), this is easily done:

“+o0o
h= [ " NG AL v (11)
where we set A; = 1. A is then calculated as follows:

A=al. (12)

I
In the case of luminosity, as pulses of different shapes are
grouped by count rates, we simply assigned a given pulse peak
rate to a given group of simulated pulses.

For (i), the pulse peak time was set to 7y = 0 s by convention,
as its position is not relevant in the single-pulse case. For (ii),
the pulse peak time was drawn from a uniform distribution with
the constraint to obtain pulses with separability (defined as the
distance between the simulated pulse and its nearest neighbor
divided by its FWHM) between 1 and 10.

For each GRB, we generated a sample of 100 simulated
FRED-like pulses with parameters [#, 7,, &, ] randomly chosen
from the corresponding best-fit log-normal distributions.

We repeated the process for evenly spaced logarithmic
values of I (A), in the range 10-10* counts (102—
10* counts s~'). We used the same sample of FRED parameters
for each value of 7 or A. This procedure allowed us to model the
detection efficiency as a function of the pulse counts and of the
pulse peak rate of a generic pulse. We finally obtained the
detection efficiency as a function of either Ejs, or Lig,, using
Equations (9) and (10) separately for nine bins in redshift;'®
these were obtained through an evenly spaced logarithmic
sampling of the luminosity distance range.

The detection efficiency 7.(Eis,) (1';(Liso)) Was estimated as
the fraction of simulated pulses with Eiy, (Liso) (taken from the
grid of simulated values) that had been identified by our

!5 The KS test was done using scipy.stats.ks_2samp.
16 The bin edges are given by [0.078 , 0.139, 0.238, 0.400, 0.662, 1.082, 1.76,
2.898, 4.813, 8.100]

[January 29, 2026 at 15:00 — classicthesis]



170

APPENDIX

THE ASTROPHYSICAL JOURNAL, 965:72 (17pp), 2024 April 10

Maccary et al.

104 2:0.08-0.14

102 i

100 1

10% 1 z:0.40-0.66

102 B

Counts

100 i

104 ] z:1.76-2.90

102 1

100 |

1050 1052 1054 1050

z:0.14-0.24

z:0.24-0.40

z:0.66-1.08 z:1.08-1.76

7:2.90-4.81 z:4.81-8.10

1052 1054 1050 1052 1054

Eiso [erg]

Figure 3. Simulated distributions of Ej,, depending on whether selection effects due to detection efficiency are considered (orange) or not (blue). The nine panels refer

to increasing redshift bins (left to right, top to bottom). The blue distribution was drawn assuming dN /dE;, x E;

2. Vertical dashed lines mark the 50% detection

iso

efficiency; pulses with lower values of E;,, highlighted by the gray areas, are therefore hampered by a low detection efficiency. For the sake of clarity, 10° pulses were

simulated in each redshift bin.

procedure at the given redshift bin. Finally, 1.(Eis) (7';(Liso))
was obtained for any value of Eiy, (Liso) through interpolation.'’

3.2. Modeling of Energy and Luminosity Distributions

Having modeled the redshift-dependent selection effects that
are present in the observed Ej, and L;, distributions, we now
aim to test if/which given conjectural intrinsic differential
distribution f(Eiso) = dN/dEiso (fl(Liso) = dN/dLiso) may
explain the results, once the selection effects are properly
simulated. To this aim, we started with the simplest distribution,
that is, a PL: f(Eis) X Eig (f'(Liso) x Ligs), with s and &
being the energy and luminosity PL indices. As an alternative,
we considered a broken power law (BPL): f(Ei,) x E, ' for

Eiso < Ep and f (Eiso) < Ei)? for Eigo > Ej, where s and s, are
the low- and high-energy indices, respectively, and E;, the break
energy. We first tried to fix the low-energy index to zero, s; =0,
such that the resulting BPL is similar to a thresholded PL
(Aschwanden 2015), although not mathematically equivalent to
it. Similarly, we considered a BPL distribution for the luminosity
distribution: f’(Liso) o< Ligs" for Liso < L, and f/(Lise) o Lit?
for Lis, > Ly, where k; and k, are the low- and high-luminosity
indices, respectively, and L, the break luminosity.

For each redshift bin, we assigned a detection probability
pP= nz(Eiso) (P, = n,z(Liso)) to any given value of Eiso (Liso)’ that
was randomly generated from f(E;,) (f'(Lis)). Each simulated
value of Ej, (Liso) Was kept, provided that a Bernoulli trial with

7 we applied a kernel density estimate with a Gaussian kernel as implemented
in python class scipy.stats.Gaussian_kde.

the probability of success given by 7.(Ei,) (7';(Liso)) turned out
to be 1."® This process was iterated until we ended up with as
many pulses as in the observed distribution for that redshift bin.
Consequently, the resulting simulated distribution has the same
number of events and the same redshift distribution as the
observed distribution. To appreciate the impact of the selection
effects, Figure 3 displays the simulated energy distribution for
each of the nine different redshift bins, along with the one
predicted assuming dN /dE;s, Eigoz and the same number of
GRBs per each redshift bin.

3.2.1. Validation of a Putative Intrinsic Differential Distribution

To assess the probability that the observed Ejs, (Liso)
distribution is the result of an assumed intrinsic differential
distribution f(Ej.) (f'(Liso)) net of selection effects, we carried
out a few tests: a likelihood ratio test (LRT), X2, two-
population KS, and Anderson—Darling (AD) tests."’

We divided the range of Ej, (L;s,) values into M =6 (6)
logarithmic evenly spaced bins, ensuring that each bin contained
220 pulses. Let C,; (Cy,;) be the number of pulses in bin i of the
observed (simulated) distribution, either in the case of Ej, or
Liso- Let Ny = M C,; and N, = XM, C,.; be the total number
of pulses in the observed and simulated distributions, respec-
tively. For any simulated distribution s the X? and the LRT; are

'8 In other words, if we let S be a random variable that equals 1 if a given pulse
with energy Ej, is detected and O otherwise, S ~ B(p) with p=P
Ekg =1) = n(Eiso)-

The two-sample AD test was done using scipy.stats.anderson_
ksamp.
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Table 2
Results of the Modeling of the dN /dE;, Distribution, Once Selection Effects Are Accounted for

Model Data Set 51 S E, KS Test p-value AD Test p-value (Xz/dof ; p-value)
(]05'erg)
PL All ~1.4 1072 <1073 (60/5; 107"
PL All (second model) ~1.4 7x107° <107? (75/5; 107'%
BPL All [0] ~15 ~2 0.096 0.015 (26.8/5; 6 x 107°)
BPL All ~1 [1.5) ~6 0.17 0.08 (11.3/5 ; 0.046)
BPL All 0.960%3 1671033 12437, 0.11 0.14 (5.25/5; 0.39)
BPL All (second model) 1024519 1.79199%8 217 0.23 0.22 (13/5; 0.025)
PL GS ~1.4 0.02 0.002 (27/5:6 x 107°)
BPL GS [0] ~1.4 ~1 0.07 0.025 (14.8/5; 0.01)
BPL GS 1.03403 [1.5] 1153 0.23 0.21 (9.3/5;0.097)
BPL GS 1.072548 1684038 24459 0.2 0.25 (5.6/5;0.34)
PL 7< 176 ~1.4 107? <1073 (47.5/5;4 x 107%)
BPL 7< 176 [0] 1.487043 0.9310%¢ 0.3 0.25 (11/5;0.05)
BPL < 1.76 0.82°919 [1.5] 2.85413%8 0.28 0.25 (9.87/5; 0.08)
BPL 7< 176 0.77594% 1651933 4.91%, 0.6 0.53 (3.6/5;0.6)
PL N, <6 ~1.4 0.10 0.02 (17/5;4 x 1073
PL N,>6 ~1.5 5% 1077 <1073 (50/5;107°)
BPL N,>6 [0] ~1 ~15 0.38 0.17 (14/5;0.01)
BPL N,>6 ~0.7 [1.5) ~15 0.35 0.17 (11.5/5; 0.04)
BPL N,>6 0.734032 1.54100% 27441 0.5 >0.25 (9.2/5;0.1)
Note. Values of frozen parameters are reported in square brackets.
obtained by computing the following quantities: -
y P & ed 107! —— True unbinned
M C— C. )2 True binned
2 (Coi = Gii) _
X5 = Z ﬁ, (13) 10732 I Observed
i=1 0.i 1 G - ~ Simulated
(c)c(c)c o 107 ‘
M o
N, A
LRT, =2log [ ~———>~2 . (14) —a10-54
s 11:Il (M)Cﬂi+cﬁz ,%%ﬂ
N, + N sl TS
Both metrics were calculated for a sample of 100 simulated
distributions. We then took the median values of both. In 10-56 | <

Equation (14), the numerator represents the maximum likelihood 1050 1051 1052 1053 1054
under the assumption that the two sets are independently Eiso [erg]

distributed, whereas the denominator is the maximum likelihood
under the alternative assumption that both sets share the
parent distribution. Under the assumption that the two sets
have a common distribution, LRT is Xif—l distributed: We
therefore carried out a one-tail test, calculating the p-value
as P(x3;, , > LRT).”

In the case of the E;,, distribution, we were not able to find a
satisfactory solution for the PL. model according to all of the
four tests. In particular, the best PL model yielded a value of
~60 for both x> and LRT (Equations (13) and (14)).
Consequently, a simple PL. model is confidently rejected.

Moving to the BPL model, given that two additional
parameters come into play, we initially considered two
alternative approaches: (i) we fixed s, =1.5 and let both s,
and E,, free to vary; (ii) we fixed s; =0 and let both s, and E,,
free. This was done to make a preliminary exploration of the
parameter space. Then we allowed all parameters to vary and
performed Markov Chain Monte Carlo (MCMC) simulations
with EMCEE (Foreman-Mackey et al. 2013) to sample the LRT

Figure 4. The black solid line represents the best-fit BPL intrinsic differential
energy distribution dN /dE;, obtained for the full sample. The gray shaded
histogram is a binned version of the same distribution. The orange distribution
was simulated from the intrinsic one after accounting for the selection effects,
to be compared with the red distribution, which is the observed one.

on a cube of parameters around the minimum LRT value given
by the MCMC run to find the minimum LRT value and the
confidence intervals. We found that the BPL that minimized the
Xz and the LRT was around s; ~ 1, s, ~ 1.67,and E;, ~ 1 X 102
erg, with x2/5 = 5.25/5.

Confidence intervals were found by considering regions of the
parameter space that satisfy p, > 1 — «a, where « is the confi-
dence level and p,, is the p-value of the statistical test (either KS,
AD, or * test). We took a=0.95. Fit goodnesses (estimated
with the p-values) and confidence intervals for the different
models, either for the full sample or for the GS sample, are
reported in Table 2. Analogous conclusions were obtained for the

around its minimum value. We took a Gaussian ball around the
minimum LRT value of model (i) and performed a MCMC run
with 1000 samples and 64 walkers. Then we computed the LRT

20 This is the reason why we incorporated a factor of 2 in Equation (14).

GS, that is, a PL distribution cannot account for the data, whereas
a BPL with similar shape as the one obtained for the whole
sample does. Hence, the need for a break in the intrinsic distri-
bution does not depend on the quality of the modeling of the GRB
light curves, at least as long as dN /dE;, is concerned. Figure 4
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Table 3
Results of the Modeling of the dN /dL;s, Distribution, once Selection Effects Are Accounted for

Model

Data Set Ky Ko L, KS Test p-value AD Test p-value (XZ/dof ; p-value)
10 erg sh
PL All ~13 0.04 0.003 (20/5; 107%)
PL All (second model) ~1.4 - 0.01 0.001 (37/5;5 % 1077)
BPL All 110589 1477380 6114 0.33 0.17 (34/5; 0.63)
BPL All (second model) 1.03+9% 151508 11452 0.12 0.03 17/7; 0.02)
PL GS 1324598 0.23 0.09 9/5; 0.1)
BPL GS 1174313 1474033 34 0.74 >0.25 (2.8/5; 0.73)
PL z< 176 ~13 1073 1073 46/5; 107%)
BPL < 176 0.937920 1.73505¢ 2331 0.7 >0.25 (2.5/5;0.77)
PL N, <6 1654318 0.5 >0.25 (6.9/5;0.23)
PL N,>6 ~1.2 0.025 <1073 (32/5,6 x 10°°)
BPL N,>6 1.0375% 1.7379%¢ 1595 0.5 >0.25 (5.3/5;0.38)
shows the best-fit model for dN/dE;, obtained for the full .
sample. 10-51 — True u.nbmned
We obtained similar results for dN /dLjg, for the full sample, grge b'm;ed

i.e., a simple PL distribution is unable to describe the observed — 10732 I Observe
distribution (the best fit is obtained around -~ 1.3 with - ) simulated
X3/5 ~20/5), while a BPL works better (the best fit is o 1073 ‘ N
obtained around #; ~ 1.1, ky ~ 1.5, L, ~ 6 x 102 erg s~ with K
X? / 5~34 / 5). For the GS sample, the observed distribution is z| 8 10 N\
compatible with a PL distribution, the BPL distribution leading © ss
only to a marginal improvement. Results regarding Lis, 10
distribution, either for the full sample or for the GS sample, 10-56 AN
can be found in Table 3. Figure 5 shows the BPL that best fits 165 1650 1052 1653 105

the dN /dL, of the full sample.

The need for a break in the E;, distribution could be either
real or due to our possible inability to model very accurately
the selection effects. To verify the latter possibility, we carried
out the same analysis after excluding the three redshift bins
with the highest redshift, which are most severely affected by
the selection effects. As a result, we limited to pulses from
GRBs with zy,x < 1.76, which make up ~60% of the entire
sample. Our conclusions remained essentially unchanged: The
PL model is rejected (p-values from KS, AD, and X tests were
8 X 1073, <1073, and 107“, respectively), whereas the BPL
model was acceptable, with best-fit values fully compatible
with those obtained for the full sample. Figure 6 shows the
BPL that best fits the dN/dE;, of the sample of pulses
with z < 1.76.

It is worth noting that we did not add pulses missed by
MEPSA in the simulated light curves, as we did in Section 2.4 in
the case of the real ones. Consequently, the estimated detection
efficiency in the low tail of the distribution is somewhat lower
than the effective one acting on real data. This further supports
the evidence for a break a fortiori.

3.2.2. Comparison between Pulse-rich and Pulse-poor GRBs

We studied separately pulse-rich (N, > 6) and pulse-poor
(N, < 6) GRBs. The separation value was chosen so that the
number of pulses belonging to pulse-poor GRBs is large
enough to enable a statistical analysis. To this aim, we chose
six pulses as the boundary, which corresponds to ~20% of the
whole sample, that is, 220 pulses, belonging to the pulse-poor
GRBs. In the case of dN /dE;,, a two-population KS (AD) test
between the two subsamples yielded a p-value of 0.3 (>0.25),
thus providing no evidence for a different parent population.
On the contrary, for dN /dL;,, the same tests yielded a p-value

Liso [erg s71]

Figure 5. Same as Figure 4, except that here it is the differential luminosity
distribution dN /dL;s,.
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True binned
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._l"—' - - Simulated

o 10

L

810734

sig
10—55
10-56 i ==

1050 1051 10.)2 1053 10.:4
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Figure 6. Same as Figure 4, except that here we are considering only pulses
with redshift z < 1.76.

of 10~'% (<0.001), thus rejecting a common parent distribu-
tion for the two groups. As shown in Figure 7, least luminous
pulses in pulse-poor GRBs are relatively more abundant than
in pulse-rich GRBs, although being comparably energetic,
suggesting that they are on average less luminous and longer.
As was noted in Section 3.2.1, the SS is predominantly
populated by pulse-rich GRBs; thus, the difference in the
luminosity distribution that was pointed out in the comparison
between GS and SS is due to the pulse richness here
considered.
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Figure 7. Left (right) dN /dEis, (dN/dL;s,) distributions for pulses belonging to pulse-poor GRBs (cyan) and to pulse-rich GRBs (orange).

3.2.3. Populations of Pulses within Individual GRBs

Thus far, we have studied the population of pulses as a
whole, regardless of which GRB a given pulse may belong to.
We explore this aspect in more detail by testing whether pulses
distribute among different GRBs completely randomly, starting
from the overall sample. To this aim, we considered the
distribution of the peak luminosity of GRBs (that is, the
luminosity of the most prominent pulse within each GRB) and
focused on individual redshift bins, to limit the impact of
selection effects.

For the 1.08 < z < 1.76 redshift bin, which includes most
GRBs (Ngp, =41, collecting N, =287 pulses), we computed
the GRB peak luminosity distribution. We then compared it
with a distribution obtained by mixing together all the pulses
belonging to the GRBs in the same redshift bin in the following
way: For each GRB (i = 1,...,Nyy,), we drew a random set of
N,,; pulses, where N,,; is the real number of pulses of GRB i,
and took the peak luminosity of simulated GRB i. Repeating
this for all of the Ny, GRBs, we obtained a fake peak
luminosity distribution, which appears to be si 7)gniﬁcantly
different from the real one (AD test p-value <107~ that both
sets share a common parent population); in particular, the fake
distribution has a more populated hard tail (see Figure 8). This
indicates that pulses belonging to a given GRB are not
completely independent of one another, or, at least, that they
are not the result of randomly assembling from the whole
population of observed pulses. High-luminosity pulses, in
particular, tend to cluster within a few GRBs, rather than being
randomly distributed among all the GRBs.

To further test this possibility, we performed a multinomial
test. First, we counted Ny, jum =4 GRBs that contain the top
10% most luminous pulses (n = 28 out of 287 pulses). We then
compared this number with the one that would be obtained by
randomly distributing the pulses among all the GRBs, keeping
the same distribution of number of pulses per each GRB. This
problem is similar to simulating the outcomes of n throws of a
dice with m faces and can be addressed by sampling from the
multinomial distribution, described by its probability mass
function:*'

m pn,
PMF(n |p, m, n) =n! [ -,

i=1 n;:

s)

2! We made use of scipy.stats.multinomial.rvs to draw samples
from the multinomial distribution.

10

where n = (ny, n,...,n,,) is an array of the number of luminous
pulses in each GRB (3L n; = n = 28), m = Ny, = 41, and
P = (P1, P2s..-sPm), With p;= N, ;/N,, being the probability for a
pulse to belong to GRB i, calculated from all N, = 287 pulses
in the chosen redshift bin. We performed 107 simulations and
in all cases the number of GRBs that contained the luminous
pulses was higher (4 times in average) than the real one, Ny,
um = 4. The p-value that luminous pulses randomly distribute
among GRBs within this redshift bin is <5 x 107>

We replicated the same analysis on the next redshift bin,
1.76 <z <290, which contains Ngy, =25 and N,=253
pulses. The top 10% most luminous pulses (7 =25) belong
to five GRBs. The same test yielded a p-value of 0.9 x 10~
that luminous pulses are distributed over <5 GRBs. We can
therefore conclude that the most luminous pulses are more
likely to belong to fewer GRBs than what is expected from a
pure random distribution.

3.3. Waiting Time and Duration Distributions

We obtained the distribution of the rest-frame WT,
calculated as At; = (f9,;1 — to,))/(1 + 2), wWhere 1, is the pulse
peak time of the ith pulse. We also calculated the pulse duration
distribution, where duration was defined as the FWHM of the
modeled pulse, 7; = 7,;(1 + §i)10g(2)'/ i, Durations were not
corrected for cosmological dilation because of the combination
of different effects that mostly cancel each other (see
Camisasca et al. 2023 and references therein for a detailed
explanation).

To ease the comparison with previous results, we modeled
the distributions as in Guidorzi et al. (2015), using the
following model:

AN _ o ys G-

TA; (2 =776 + A )
consisting of a PL hard tail with a PL index 3 —~, plus a
characteristic break time 6 below which the distribution flattens
(v and ¢ correspond to « and (3 in Equation (8) of Guidorzi
et al. 2015). The first bin of the two distributions was not
considered (At > 0.05 s) since the efficiency of MEPSA drops at
low WTs/durations. We sampled the posterior distribution by
running a MCMC simulation with 10* steps and 32 walkers.
We discarded the 10 first steps of the posterior distribution and
we used only every 15 steps from the chain. For the duration
and the WTs distribution, we obtained a PL index
3—y= 2.08%01¢ and 3 — vy = 2047313, respectively.

(16)
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Figure 8. GRB peak luminosity distributions in the redshift bin
1.08 < z < 1.76: real (orange) vs. randomly simulated (blue). The latter was
obtained assuming that all pulses distribute randomly among the different
GRBs. The harder tail of the simulated distribution suggests that luminous
pulses belong to relatively few GRBs. See Section 3.2.3.
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Figure 9. Same as Figure 4, except that here it is the differential duration
distribution dN/dT. The black area represents the first bin, which is not
considered in the computation of the posterior distribution.

Table 4
Results of the Modeling of the Differential Distributions dN /d At and dN/dT
3—y 6
©)
WT 2.044014 0.78+018
Pulse FWHM 2.087912 1301037

Note. Uncertainties are given with a 90% confidence level.

Best-fit parameters are reported in Table 4, while the
distributions along with the best-fit models are shown in
Figures 9 and 10.

3.4. Effects of the Pulse Model

We repeated the analysis by adopting the alternative pulse
model of Norris et al. (2005), to explore to which extent our
results are sensitive to the choice of the model described in
Section 2.4. Overall, the fit quality is worse than the one
obtained with the former pulse model, since the number of
GRB light curves that do not fulfill the condition |0, — 1| > 0.1

11
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Figure 10. Same as Figure 4, except that here it is the differential duration

distribution dN/dAt. The black area represents the first bin, which is not
considered in the computation of the posterior distribution.

1071

10*52
— 10-53 w
Tm 10 T 10753
o
& 1075 g

dn
TEs

10-55

dan
Ly im0

10-55

1054 1050 1052

Lp,iso [erg s71]

1051 1052
Eiso [erg]

1053

1071

[s71]

103

av
dAt

102

1072 107!

10°
At [s]

100 102

1071

10°
Tl[s]

10!

Figure 11. E;;, (upper left), L, (upper right), duration (lower left), and WT
(lower right) distributions computed either with the first pulse model (in red;
Section 2.4) or the second (in blue; Norris et al. 2005).

(see Section 3) is 57 versus former 15. This was to be expected
because of the smaller number of model parameters. We then
computed the four different distributions considered in this
paper and compared them with the ones obtained with the
former pulse model (Figure 11).

We also performed two-population KS and AD tests. All
but one test yielded p-values above 5%, except for the
0.3% obtained for the time duration distribution. This is due
to the fact that the FWHM computed with the second model
is on average longer (by a factor <2) than the one computed
with the first model. The distributions were modeled following
the same procedure adopted for the first pulse model. Overall,
the PL indices do not differ significantly from the previous
corresponding ones: o2 = 1.7970%8,, o2 = 1517093, o =
2.13793}, and o), = 2.14*51S. Compared with previous values
reported in Table 5, they are all consistent. While the need for a
break in energy/luminosity distributions is confirmed for both
pulse models, in the luminosity case the value of the break
point depends on the pulse model; for the second one,
we found L2, ~ 1 x 102 ergs~!, which deviates by 2.50
from the previous L), ~ 6 x 10°2ergs~!. As a result, we
proved that our results do not depend significantly on the pulse
shape model, except for the value of the break luminosity, which
we conservatively estimate in the range L, ~ 10> ergs .
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Table 5
Energy, Luminosity, Duration, and Waiting Times PL Indices Obtained in Our Study and in the Literature in the Case of GRB Prompt Emission, X-Ray Flares,
Precursors, Solar Flares, and SGRs

ag ap ar awt SOCd=3 SOCd=1
GRB Prompt Emission
Our study 1.6740% 147509 2.0843:12 2.044313 Roughly No
Guidorzi et al. (2015) (GBM) 2365010
Guidorzi et al. (2015) (BAT) . .. . 2.0640:09 . -
Lyu et al. (2020) 154798 2097018 1.82+014 Roughly No
Li & Yang (2023) 192412 1804013 Roughly No
GRB X-Ray Flares
Wang & Dai (2013) 1.067913 1.105913 1804030 No Very roughly
Wei (2023) 1.82403] 1414098 1544039 No No
GRB Prompt Emission and X-Ray Flares
Guidorzi et al. (2015) (BAT-X) 1664307 No No
GRB Precursors
Li & Yang (2023) 2224020 1.824313 1817912 No No
SGRs
Gogiis et al. (1999, 2000) 1.43-1.76 Roughly No
Solar Flares
Wang & Dai (2013) 1.5350:92 2.0015% 2041593 Yes No
Aschwanden (2011) 1625013 1735007 1997033 Yes No
SOC predictions (3= 1) 3% 2 — % % %

3 5
d=3 s 3 2 2
d=1 1 1 1 1

Notes. Values predicted by SOC theory are also indicated, in the case where = 1. Special cases of d = 1 or d = 3 are also reported. The last two columns indicate
whether the obtained values are in agreement with the values predicted by SOC theory in the two special cases.

4. Discussion

For the distributions of energy, peak flux (or the corresp-
onding intrinsic quantity, which is luminosity), and duration,
the corresponding PL indices predicted by SOC models are
given by the following (Aschwanden 2014):

d—1
OéE=1+—2, (17

Dd+§

d—1
a:1+—, 18
P p (18)

d—1
Olrzl"rﬁ%, (19)

where 3 is the spreading exponent (3= 1/2 for sub-diffusion,
(=1 for normal diffusion, § = 2 for linear expansion), d is the
Euclidean space dimension, and D, is the fractal dimension of
SOC avalanches, which is usually approximated by D, ~ 1td
SOC theory also predicts awr = ag, where awr is the PL
index of the WT distribution (this holds for short WTs: for
WTs longer than the longest pulse duration, the WT
distribution should break exponentially; see Aschwan-
den 2014). In the case of 3D avalanches (d = 3) and normal
diffusion (8= 1), itis ag= 1.5, ap=>5/3, and ar = awr =2.
Our estimates of the duration and of the WT duration
distribution PL indices agree with SOC predictions:

ar =3 — = 2.08701¢ and awr = 3 — vy, = 2.047013.

12

The PL indices of the high-value tails of the energy and
luminosity distributions, respectively, s, = 1.67f8j|22 and
Ky = 1477099, are also roughly in agreement with SOC
predictions (see Figure 12).

However, our results show evidence for a break in both
distributions, which is not predicted by SOC theory. Given the
accuracy with which the detection efficiency was modeled, the
evidence for a break seems to be hardly entirely ascribable to
unaccounted selection effects. In our study, we have selected
all type II GRB candidates. Our study implicitly assumes that
all type II GRB engines are behaving in the same way.
However, one cannot reject the possibility that the observed
population is actually the mixture of different kinds of engines,
or at least different behaviors. Even for a given type of central
engine, say a hyper-accreting BH, two or more jet formation
scenarios (v7 annihilation or the BZ effect) producing different
energy /luminosity distributions can be at play and contribute to
the observed population of GRBs. In principle, the observed
deviations from the SOC predictions could also be ascribed to
the physics and geometry of the prompt emission, i.e., the
properties of the jet and its interactions with the stellar
envelope. Finally, a PL behavior does not unavoidably imply
SOC; it is just a necessary condition, not a sufficient one, given
that hard-tailed distributions modeled as PL or BPL can result
from a number of different processes.

Table 5 summarizes and compares our findings with
analogous studies. Interestingly, the energy index obtained is
consistent with what was found for the burst activity observed
in Galactic magnetars, oy = 1.43-1.76 (Gogiis et al. 1999,
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Figure 12. Top panels, left to right: violin plots of the posterior distributions for the PL indices of the energy, luminosity, duration, and WT distributions, respectively,
obtained in this work on GRB prompt emission (for the energy and luminosity distributions, the postbreak values were considered); the horizontal bars span 5%—95%
quantiles. Dashed lines show the SOC predictions for d = 3. Bottom panels, left to right: the same corresponding violin plots as in the top, including values reported
from the literature. For GRB prompt emission, values from Lyu et al. (2020, L20; brown), Li & Yang (2023, LY23; cyan), and Guidorzi et al. (2015, G15(GBM) and
G15(BAT); in pink and purple). For GRB X-ray flares, values from Wang & Dai (2013, WD13; blue), and Wei (2023, W23; green). The orange point refers to a study
where prompt emission pulses and X-ray flares were considered as a unique process (Guidorzi et al. 2015, G15(BAT-X)). The shaded areas show the results reported
in the literature from analogous investigations about different classes of astrophysical sources: for solar flares, values from Wang & Dai (2013, WD13; black) and
Aschwanden (2011, A11; red). For magnetars, values reported in Gogiis et al. (1999, 2000) are displayed (G99; yellow). Dashed (dotted) lines show SOC predictions

ford=3(d=1)and 8= 1.

2000), and in solar flares, oy = 1.627013 (Aschwanden 2011).
We obtained substantially lower values for o than Lyu et al.
(2020) and Li & Yang (2023). In these studies, ap is
determined by analyzing the distribution of pulse count rates
given by the instrument, as it was also done for solar flares.
While the latter case is justified, as all flares come from the
same source at a fixed distance from the detector, for GRBs the
range of distances is so large that one should either consider a
group of GRBs with similar redshift or better use luminosities
and model the selection effects that inevitably affect the
observed sample.

We compared dN/dL;;, with the GRB (peak) luminosity
function, as modeled for example in Ghirlanda & Salvaterra
(2022). Even though the latter is in principle different from
dN /dL;,, the two distributions are not completely independent of
one another. Ghirlanda & Salvaterra (2022) modeled the
distribution with a BPL with low-/high-luminosity indices a; ~ 1
and a; ~ 2.2 and a break luminosity L, ~ 10°%(1 4 2)*%* erg g !
slightly dependent on redshift. Our values are consistent with the
low-luminosity index and with the break luminosity of the
luminosity function. We find a flatter high-luminosity index that

13

can be understood since our distribution contains all pulses of all
GRBs, while the GRB peak luminosity function is determined by
the most luminous pulse within each GRB. As we already pointed
out, high-luminosity pulses tend to cluster in relatively few
luminous GRBSs; consequently, the distribution resulting from the
selection of the most luminous pulse of each GRB turns into a
depletion of luminous pulses and hence into a smaller fraction of
high-luminosity events in the GRB distribution compared with the
pulse distribution.

Finally, our results do not seem to crucially depend on
redshift, given that they did not change in essence when we
ignored GRBs with redshift z > 1.76. Specifically, the evidence
for a break in both distributions holds true in both cases,
suggesting that the break is not likely to be entirely due to
selection effects, but is an intrinsic feature.

5. Conclusions

We determined the energy, luminosity, duration, and WT
distributions of individual pulses identified with a well-
calibrated algorithm from 142 type II GRBs with known
redshift detected by the GBM. We then carried out a careful
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analysis of the selection effects through a suite of simulations,
dividing our sample into nine redshift bins, and modeled for
each of them the detection efficiency as a function of energy
(luminosity), 7.(Eiso) (1;(Liso)). For each redshift bin, we then
generated energy/luminosity samples of pulses accounting for
the detection efficiency, under the assumption of some putative
distribution models like simple PL or BPL. The plausibility of
each assumed distribution was finally tested by comparing the
resulting distribution with the observed one.

We found that a simple PL can reproduce neither Ej;, nor
L, distributions (especially in the case of Ej,). Rather, for the
first time, we found evidence for a break in E;, and L;
distributions (Ej, ~ 10°2 erg and L, ~ 10°%33 erg s~ 1), which
appears to be hardly ascribable to unaccounted selection
effects. A possible interpretation for this break is that the
underlying assumption of a unique stochastic process ruling the
GRB dynamics is not valid, but instead different kinds of
dynamics, possibly connected with different progenitors or
different regimes, contribute to the observed population
of GRBs.

Interpreting our results in the SOC framework with f=1,
our results are compatible with prompt emission being the
result of 3D (d=3) avalanches produced by a nonlinear
dynamical system driven slowly to a SOC state. The SOC
interpretation of GRB prompt emission could be compatible
with utterly different theoretical models. Indeed, this scenario
could be consistent either with the picture of a NDAF
surrounding a hyper-accreting stellar-mass BH becoming
thermally unstable and cooled by neutrino emission, with
rotational energy being extracted by the BZ effect and
converted into a Poynting-flux-dominated outflow, or with
cascades of magnetic reconnection events produced within a
magnetically dominated relativistic outflow at the GRB
emission site, as foreseen in the ICMART model (Zhang &
Yan 2011).
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Appendix
Time-resolved Spectral Analysis

We computed the isotropic-equivalent released energy using
Equation (9), thus assuming a negligible impact of a possible
spectral evolution.

GRB spectra are known to be temporally evolving. This is
usually described in terms of two alternative behaviors: (i) a
monotonic hard-to-soft evolution, and (ii) pulse tracking (see
Lu et al. 2012 and references therein). Therefore, the isotropic-
equivalent energy should be computed using the time-resolved
fluence @', instead of the time-averaged fluence ®; used in
Equation (9), where ®'; is calculated from modeling the
spectrum extracted within the time interval that includes only

14

Maccary et al.
1.6
15 70000
1alt =+ ﬂ ? 60000
b
| oo
1 €
1.2 L i E
i 40000 §
| B11 ¥ ki o
¥ 30000 £
1.0 il - £
c
0.9 o . s 20000 5
Ly ©
0.8 i3 Al kN 10000
0.7 ¥ £ 0
i3
0.6 10 20 30 40 50

Time [s]

Figure 13. Evolution of the ratio of the time-resolved over time-averaged
counts-to-fluence conversion factor, f/fix (shown by the red points), as a
function of time for 180720B (the horizontal solid line shows the f = f;,, case).
Blue vertical lines mark the boundaries of adjacent temporal intervals. The light
curve is displayed in gray (right-hand y-axis).

the kth pulse (or, at least, centered on it, given that pulses
occasionally overlap and therefore their spectra cannot
completely be separated).

We conveniently defined the time-resolved conversion factor
fi = @',/C'y, where C'; are the counts integrated over the
same time interval used to compute ®. In this way, the degree
of approximation introduced in Equation (9) by assuming time-
averaged instead of time-resolved fluences can be studied
through the ratio fi/fior-

To this aim, we considered a few cases of bright GRBs with
numerous pulses, some of them being already known to show
spectral evolution.

We modeled time-resolved spectra of these GRBs and we
studied the impact of spectral evolution on the Ejg, distribution.
For this study, we considered five GRBs among our sample
having, respectively, 57, 34, 21, 20, and 13 pulses; thus totalin%
145, that is, enough to build a statistically sound distribution.
These GRBs are among the brightest of the GBM catalog, with
three of them ranking in the 12 top fluences of the whole
catalog.*?

Figure 13 illustrates the case of 180720B. For the time-
averaged spectrum, we took the fluence from the GRB catalog
Byo = (2.9853 4+ 0.0008) x 10 *ergem 2, integrated from
—60.416 to 137.220s. Our results are consistent with those
by Chen et al. (2021). Our analysis shows a hard-to-soft
evolution, modulated by f/f,, tracking the light-curve peaks
(Figure 13). As a consequence, the fluence of the brightest
peaks is underestimated by up to 40%, whereas the fluence of
the weakest ones is overestimated by a comparable amount.
Among the examined GRBs, 180720B, 190114C, and
171010A exhibited the larger deviations of f/fiy from 1,
reaching 60%-70%, indicating that the effect is probably
stronger for brightest GRBs. We can therefore safely assume
that neglecting the spectral evolution for the bulk of GRBs
considered in this work has a milder effect than what we
assessed for the brightest cases.

We finally explored to what extent the Ej, distribution was
affected by ignoring the spectral evolution: We compared Ejg,
calculated with both time-resolved and time-averaged analysis

22 They are 171010A, 180720B, 190114C, 170405A, and 090424.
2 171010A, with 6.3 x 10~ erg cm™?; 190114C, with 4.4 x 10~ erg cm ™2,
and 180720B, with 3.0 x 10™* erg cm 2.
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Figure 14. E;, distributions obtained with either time-resolved (blue) or time-
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and derived the corresponding distributions (Figure 14). We
ran statistical tests to assess the null hypothesis that the two Ej,
distributions are drawn from the same population. A KS test
yielded a p-value of 0.87, while an AD test gave a lower limit
on the p-value of >0.25. We concluded that we cannot reject
the hypothesis that the two distributions are drawn from the
parent population, so we can safely ignore the bias introduced
by neglecting the spectral evolution.

Additionally, we compared the best-fit values for the PL
index « that models the tail of each distribution: We obtained
ap = 1.627%2%% and o, = 1.637}Y for the time-resolved and
for the time-averaged distribution, respectively. The two values
are indistinguishable within uncertainties, which confirms that
neglecting the no-spectral-evolution assumption is safe.
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ABSTRACT

Context. The dissipation process responsible for the long gamma-ray burst (GRB) prompt emission and the kind of dynamics that
drives the release of energy as a function of time are still key open issues. We recently found that the distribution of the number of
peaks per GRB is described by a mixture of two exponentials, suggesting the existence of two behaviours that turn up as peak-rich
and peak-poor time profiles.

Aims. Our aims are to study the distribution of the number of peaks per GRB of the entire catalogue of about 3000 GRBs observed
by the Fermi Gamma-ray Burst Monitor (GBM) and to make a comparison with previous results obtained from other catalogues.
Methods. We identified GRB peaks using the MEPSA code and modelled the resulting distribution following the same procedure that
was adopted in the previous analogous investigation.

Results. We confirm that only a mixture of two exponentials can model the distribution satisfactorily, with model parameters that
fully agree with those found from previous analyses. In particular, we confirm that (21 + 4)% of the observed GRBs are peak-rich
(8 + 1 peaks per GRB on average), while the remaining 80% are peak-poor (2.12 + 0.10 peaks per GRB on average).

Conclusions. We confirm the existence of two different components, peak-poor and peak-rich GRBs, that make up the observed GRB
populations. Together with previous analogous results from other GRB catalogues, these results provide compelling evidence that

GRB prompt emission is governed by two distinct regimes.

Key words. methods: statistical — gamma-ray burst: general

1. Introduction

Long-lasting gamma-ray bursts (GRBs) are thought to be pro-
duced by the collapse of the core of some hydrogen-stripped
massive stars, in which a relativistic jet is launched by the new-
born compact object, either a neutron star (NS) or a black hole
(BH), and makes it to the stellar photosphere (Woosley 1993;
Paczyniski 1998; MacFadyen & Woosley 1999; Yoon & Langer
2005). Today, almost 30 years since the first discoveries of the
long-lasting multiwavelength counterpart (from gamma rays,
X-rays, and optical light to radio waves) following the initial
gamma-ray emission (so-called afterglow), the wealth of knowl-
edge of the GRB phenomenon, such as the energetics, the jet
structure, its Lorentz factor, the density of surrounding envi-
ronment, and the properties of the progenitor stars has grown
remarkably (see e.g. van Eerten 2018; Salafia & Ghirlanda 2022;
Levan et al. 2016 for reviews). However, the kind of mechanism
and energy reservoir powering the GRB prompt emission, the
nature of the dissipation process into gamma-rays, and the dis-

tance from the progenitor star at which it takes place, remain
highly debated and hot topics (see Pe’er 2015; Zhang 2018 for
reviews).

Even inexperienced eyes are caught by the variety of prompt
emission light curves (LCs), which range from simple and
smooth single pulses all the way up to very complex spiky pro-
files including many peaks and occasionally quiescent times in
between, during which the signal can temporarily drop below
instrumental sensitivity. Ever since, attempts to interpret the
variability and apparent lack of systematic temporal evolution
of the most variable LCs have resulted in mechanisms based
on internal dissipation of some kind of energy (either kinetic
or magnetic) into gamma-rays through shocks within a wind of
relativistic shells (see e.g. Kumar & Zhang 2015 for a review).
However, the rich wealth of information hidden in the observed
complexity of GRB LCs remains mostly unintelligible. In partic-
ular, an open question is whether this variety could be the result
of a common stochastic process. If positive, a precise charac-
terisation of this process would reveal how GRB inner engines
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work, shedding light on the nature of the powering mechanism
and on the nature of the engines themselves. Under this assump-
tion, a way to gain clues is by studying the distributions of a
number of properties, such as the duration, energy, and lumi-
nosity of individual peaks that make up GRB LCs, as well as
their waiting times. Possible evidence for self-organised critical-
ity was found and discussed in analogy with other astrophys-
ical transient sources, such as solar flares or magnetar bursts,
which might also be ruled by similar kinds of instabilities
(Wang & Dai 2013; Lyu et al. 2020; Li et al. 2023; Li & Yang
2023; Maccary et al. 2024).

The distribution of the number of peaks within long GRB
LCs has been studied and modelled in detail for the first time
only recently (Guidorzi et al. 2024, hereafter G24). This distri-
bution was studied in four different experiments: the Burst And
Transient Source Experiment (BATSE; Paciesas et al. 1999),
on board the Compton Gamma-Ray Observatory; the Burst
Alert Telescope (BAT; Barthelmy et al. 2005) on board the Neil
Gehrels Swift Observatory; the BeppoSAX Gamma-Ray Burst
Monitor (GRBM; Frontera et al. 1997); and the Insight-HXMT
High Energy instrument (HE; Liu et al. 2020). The result, which
emerged from the analysis of these four independent catalogues,
is that the distribution of the number of peaks is modelled by
a mixture of two exponentials (M2E). The two components
are characterised by two different average numbers of peaks
per GRB: 2.1 + 0.1 and 8.3 + 1.0, nicknamed ‘peak-poor’ and
‘peak-rich’, respectively. The result was unexpected, given also
the diversity of the four experiments in terms of energy pass-
bands and effective areas. The existence of two distinct compo-
nents was interpreted as evidence of two correspondingly differ-
ent dynamical regimes, through which long GRB inner engines
work.

In their work, G24 could not extend the same analysis to the
entire GRB catalogue of the Fermi Gamma-ray Burst Monitor
(GBM; Meegan et al. 2009), but reported an analogous prelim-
inary result obtained over a sample of nearly 400 GRBs. In the
present work we report the same kind of analysis applied to the
full GRB catalogue of GBM currently available. The importance
of this additional investigation cannot be overstated: not only
does it represent a further test on independent data, but it is also
statistically very sensitive, given that the GBM data set outnum-
bers the data sets previously analysed by G24. In addition, since
GBM and BAT share the largest number of GRBs, it is possi-
ble to further explore to what extent the number of peaks of any
given GRB depends on the detector.

The paper is organised as follows. Section 2 describes the
data sample and reduction. Section 3 presents the results of
the statistical analysis, whose discussion and conclusions are
reported in Sect. 4.

2. Data analysis
2.1. Data set

The GBM is composed of 12 Nal scintillators sensitive in the 8—
1000 keV energy range and of two BGO scintillators, sensitive
to the high energy tail of a typical GRB spectrum (150 keV—
30 MeV), overlapping with Nal detectors at low energies. We
started from 3091 long GRBs detected by GBM from 14 July
2008 to 4 February 2024. We excluded short GRBs by discarding
those with Toy < 25, where Ty is the time interval encompass-
ing from 5% to 95% of the total fluence, as well as those with
clear evidence of a compact merger origin, such as 211121A and
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230307A! (Levan et al. 2023; Troja et al. 2022; Gompertz et al.
2023; Levan et al. 2024). Very bright GRBs that saturated the
GBM detectors, such as 130427A and 221009A (Preece et al.
2014; Burns et al. 2023), were also left out. From the remaining
GRBs, 154 have a known (spectroscopic) redshift, and 410 are
in common with BAT.

Gamma-ray bursts affected by the simultaneous occurrence
of a solar flare were discarded. Solar flares were identified by
observing the relative intensity between the flare and the GRB on
different units and on different energy ranges, taking into account
the direction of the Sun. Being spectrally softer than GRBs, most
solar flares are barely visible above 40 keV.

We finally rejected all the GRBs whose LC was lacking data
points within the Ty interval. Eventually, we ended up with
2971 GRBs, which is hereafter referred to as the GRB sample
used for the analysis.

2.2. Background subtraction

Gamma-ray burst LCs were extracted in the full Nal energy
range (8—1000keV), using a 64 ms bin time. We subtracted the
background using the GBM data tools? (Goldstein et al. 2022)
following standard prescriptions: we selected one time window
preceding the burst and another one following, both having com-
parable or longer duration than that of the interval containing the
burst?, and interpolated the background with a polynomial func-
tion of order up to 3. For each GRB we looked into the ‘scat
detector mask’ entry on the HEASARC catalogue* to identify
the detectors used by the GBM team. We used the TTE (Time
Tagged Event) data whenever they covered the whole GRB, from
the start of its T interval to the end.

We removed the spikes caused by charged particles hitting
the detectors as follows: all the bins whose counts exceeded the
neighbouring counts by > 90 were tagged as spike candidates.
Once visual inspection of different GBM units confirmed the
particle, and thus the spurious nature of a given spike candidate,
its counts were replaced with the mean of the neighbouring bins.

The quality of the background subtraction was assessed by
computing mean and standard deviation of the normalised resid-
uals® of the time windows used for background interpolation. In
particular, we made sure that the background-subtracted counts
satisfied the uncorrelated Gaussian noise assumption required
by MEPSA (Guidorzi 2015; see Sect. 2.3) first by carrying
out a normality test on the normalised residuals (Kolmogorov-
Smirnov), to ensure that the noise was Gaussian, and then by
examining the autocorrelation function (ACF) of the normalised
residuals and by carrying out a runs test, to ensure they were
uncorrelated.

' 191019A should also appear in this list, but it was not seen by the

GBM.

2 https://fermi.gsfc.nasa.gov/ssc/data/analysis/gbm/
gbm_data_tools/gdt-docs/

3 This requirement ensures that all the harmonics that significantly
contribute to the background in the burst interval can be adequately
modelled in the selected adjacent windows.

4 https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/
w3table.pl?tablehead=name%3Dfermigbrst&Action=More+
Options

5 They are defined as the difference between counts and model, divided
by the corresponding uncertainty (see Maccary et al. 2024).
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2.3. Identification of peaks

In line with G24, all the 64 ms background-subtracted LCs were
sifted with MEPSA, a well-calibrated code tailored to identify
statistically significant GRB peaks in uniformly sampled time
series affected by Gaussian uncorrelated noise. We discarded
peaks with signal-to-noise ratio S/N < 5. We ended up with
9625 peaks from 2954 GRBs having at least one significant
peak. In parallel, we repeated the same selection by imposing
two further thresholds on S/N: 8822 peaks from 2790 GRBs for
S/N > 7;7371 from 2388 GRBs for S/N > 9.

3. Results
3.1. Fermi-GBM sample

We computed the distribution of the number of peaks per GRB,
following the procedure by G24, and tested the various mod-
els considered therein (simple exponential, simple and broken
power law, and stretched exponential). As did G24, we found
that the data can only be satisfactorily fitted by a M2E model
given by

fn) =k ("™ +gemy, (1)

where k is a normalisation constant, »; is the characteristic num-
ber of peaks per GRB of the ith component (i = 1,2), and £ is a
relative normalisation parameter. The expected number of peaks
per GRB of the ith component is given by

O _ S nen/n a 1
<n >_ +o _ning —1/n; (2)
Doy en 1—el/m

and the fraction of GRBs contributing to the second component
is given by

+00
Wy = kfzein/nz . 3)
n=1

The observed distribution along with the best fit model are
shown in Fig. 1, while Table 1 reports the best fit values of the
model parameters and the corresponding p-value of the y? test.
The M2E model fits the data very well (e.g. p-value of
the two-tail 2 test of 0.80), while other models were unable
to describe it (e.g. a fit with a stretched exponential yielded a
p-value of 0.0026), thus confirming the previous results. The
mean number of peaks for the peak-poor and for the peak-rich
component is (nV) = 2.10f8;}8 and (n®) = 7.61f8;§3, respec-

tively. The fraction of peak-rich GRBs is w, = 0.21*00;.

3.2. Swift-BAT/Fermi-GBM common sample

Fermi/GBM shares 410 GRBs with Swift/BAT, 361 of which
were covered by BAT in burst mode. As G24 did for the com-
mon sample between CGRO/BATSE and BeppoSAX/GRBM,
here we used the BAT-GBM common sample to study how the
number of peaks of any given GRB depends on the detector; the
ultimate goal was to test the robustness of our result.

Following G24, we considered the difference An = ngpm —
npar between the number of peaks detected by GBM and that
of BAT for each common GRB. We replicated the same anal-
ysis assuming the three different thresholds on S/N: S/N > 5;
S/N > 7;and S/N > 9. Figure 2 shows the distributions of An
for the three different thresholds on S/N. The median value of
An is zero for all S/N thresholds. The interval |An| < 2 collects

K I 50% CI
\ 90% CI
w1014 ¥ + Expected
a 3\
o ! Observed
(U]
G 10—2 \\ GBM
> )
)
S
1073
—
]
E
-4
2 10
1073

0 10 20 30 40 50
Number of peaks per GRB
Fig. 1. Distribution of the number of peaks per GRB for the Fermi/GBM
catalogue. The observed and expected counts are displayed in orange
and blue, respectively. The histogram bins were grouped to ensure a
minimum number of 15 expected counts per bin. The dashed black line
shows the best-fitting model of mixture of two exponentials. The blue
and grey regions respectively show the 50% and 90% model confidence
interval obtained from sampling the posterior distribution of the model
parameters computed through Markov chain Monte Carlo simulations.

from 85 to 88% of the complete common samples, whereas from
92 to 94% common GRBs have |[An| < 3. These values prove
that both experiments are equivalently sensitive to the number
of peaks, in spite of their different energy passbands. As noted
by G24, An for most GRBs is significantly smaller than the dif-
ference between the mean values of peak-rich and peak-poor
GRBs, (n?) — (nV) = 5.5*39 (90% confidence), which makes
the identification of the two families of long GRBs robust and
essentially detector-independent.

3.3. Combined sample

We merged the results of the five catalogues and treated them
as if they were a single result. The GBM result reported in the
present work, is clearly dominant as its 2954 GRBs outnum-
ber those from the other catalogues (which included 1457, 1277,
820, and 202 GRBs). We obtained an acceptable fit (p-value of
0.06) with the same but more accurate value for the fraction of
peak-rich GRBs: @, (all) = 0.20*002, and similar values for the
mean number of peaks for the peak-poor and peak-rich compo-

nent (nV) = 2257098 and (n®) = 9.08*72  respectively.

3.4. Impact of selection effects and the Malmquist bias

The number of peaks per GRB clearly depends on the S/N
of each peak. As such, the selection of GRBs with suitable
peaks as well as their classification of peak-poor versus peak-
rich depends on S/N, too. Any given GRB that would have been
observed at higher-than-actual redshift, could have been either
tagged with fewer peaks or missed altogether. Consequently, our
results are potentially affected by a significant Malmquist bias.
As we also did in G24, repeating the analysis for a range of dif-
ferent S/N thresholds, and thus mimicking the effect of moving
given GRBs further away, our aim was to explore the robustness
of our results against any distance-related bias. Two interesting
facts emerge from this analysis:
1. The fraction i, of peak-rich GRBs essentially remains con-
stant for all catalogues and for the different S/N thresholds,
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Table 1. Results obtained from our analysis of the Fermi/GBM sample.

S/N N N, k n (nMy ny (n®) & Wy x> test
Threshold p-value
0.0 0. 0. 0.99 0.9 0.0 0.04
5 2954 9625 0.71t8‘8§ 1.55f8.ii 2.10f8'ii 7.O7t8'3% 7.61t8'§§ 0.04t8'8i 0.21f8'82 0.80
. . . +0.92 +0.! . .|
7 2790 8822 0.82j882 1394:8’%8 1.95J_'((H8 6.78_ggz 7'53_8‘% 0.044_’%(())112 O.23fg_83 0.78
.| . . .93 +0.! .| .|
9 2388 7371 0.93f)5c 126700 1.83%5 0 67070 7.23%0  0.039*)¢i  0.23%00 0.43

Notes. Best-fit values and 90% confidence intervals of the parameters of the model of the mixture of two exponentials applied to the Fermi/GBM

data set. All these parameters are defined in Sect. 3.

An = nggm — Npat
SIN=5 SIN =7 S/IN=9

200

=
u
=)

Number of GRBs
S
o

Ll )

9% -0 o 10 -10 0 10 -10 0 10
An An An

Fig. 2. Distribution of An for three different thresholds on S/N: 5, 7,
and 9.

and therefore appears to be a robust property that is least

affected by anything that depends on peak brightness. In the

following, we delve further into this aspect, which seems to
clash with the Malmquist bias;

2. The average number of peaks per GRB changes only slightly
for different thresholds on S/N: from 2.1 (§/N > 5) to 1.8
(S/N > 9) for the peak-poor class, and, correspondingly,
from 7.6 to 7.2 for the peak-rich class (Table 1). This is
understood by the following argument: not only does the
number of peaks decrease by increasing the threshold on
S/N of any given GRB (mimicking the consequence of mov-
ing it to higher redshifts), but the number of GRBs featuring
at least one significant peak also decreases. As a result, the
average number of peaks per surviving GRB decreases less
abruptly than the overall number of peaks.

In principle, a direct way to understand the impact of the
Malmquist bias is by focusing on a sample of GRBs with mea-
sured redshift. Unfortunately, this sample is currently too small
to make a statistically sound analysis feasible. Nonetheless, we
explored in more detail the reasons for the first consideration
above as follows. We addressed two questions: By moving a
peak-rich GRB to progressively higher redshifts, we wanted to
know (a) at what relative distance it becomes peak-poor, thus
contributing to altering the true distribution, and (b) at what rel-
ative distance the GRB disappears, an event coinciding with the
brightest peak sinking below threshold?

The answer to (b) depends on the intensity of the brightest
peak, while we assume that the answer to (a) depends on the
intensities of the third or fourth brightest peaks, once we take
three or four as a reasonable proxy of the number of peaks for
discriminating between peak-poor and peak-rich GRBs.

For each of the peak-rich GRBs with at least 6 S/N > 5
peaks, we took the four brightest ones. We ended up with
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399 GRBs. For each GRB we calculated the three following
ratios: rp; > r3; > rap, respectively corresponding to the ratio
of the intensities of the second, of the third, and of the fourth
brightest peaks to the intensity of the brightest peak.

As a result, on average it is r4; ~ 2/3, with 0.56-0.77 as
interquartile, so the range of intensities of the four brightest
peaks is relatively narrow. Specifically, from the disappearing
of the fourth peak to the disappearing of the brightest peak, the
threshold on S/N increases only by ~50% on average. Translat-
ing the relative change of the S/N threshold in terms of the rela-
tive change in the maximum volume within which a given peak
can be detected, the volume increases by a factor of (2/3)™/? ~
1.8, so 80% (we used the scaling V o p~3/2 of volume V on
peak flux p). This is a relatively short range compared with the
range of redshifts spanned by the GRB populations that make
up the observed catalogues and the GBM catalogue in particu-
lar. Replacing the fourth with the third brightest peak, the rel-
ative volume change shrinks to 60%, so the previous conclu-
sion holds true a fortiori. This property of most peak-rich GRBs
may explain why the Malmquist bias does not strongly affect the
result of a constant peak-rich fraction throughout the different
catalogues and GRB populations.

4. Discussion and conclusions

Guidorzi et al. (2024) modelled for the first time the distribution
of the number of peaks in long GRB LCs through the analy-
sis of four independent catalogues (CGRO/BATSE, Swift/BAT,
BeppoSAX/GRBM, and Insight-HXMT/HE), which differ from
each other in terms of energy passbands and effective areas. Only
a mixture of two exponentials was found to model all four dis-
tributions, supporting the existence of two families, called peak-
poor and peak-rich, characterised by an average number of peaks
per GRB of around 2.1 + 0.1 and 8.3 + 1.0, respectively. It was
also found that peak-poor GRBs make up about 80% of the GRB
populations observed by past and present experiments.

In the present work we carried out the analogous investi-
gation over the Fermi/GBM GRB catalogue, which currently
includes about 3000 GRBs and therefore offers a further oppor-
tunity to test the previous results with a high degree of statistical
accuracy. Remarkably, not only did we confirm that the distri-
bution can only be modelled by a mixture of two exponentials,
but we also found that the best-fitting parameter values are fully
consistent with what was found by G24 from different and inde-
pendent data sets. Specifically, the expected numbers of peaks
for the two families of peak-poor and of peak-rich GRBs are
remarkably similar to the G24 results. Analogously, the fraction
of peak-rich GRBs is found to be 0.21 + 0.04, fully consistent
with what was found by G24. Although they were ignored in
the present analysis, long-merger candidates would belong to
the hard tail of the peak-rich family: 211211A has 48 peaks and

[January 29, 2026 at 15:00 — classicthesis]



186

APPENDIX
Maccary, R., et al.: A&A, 688, L8 (2024)
<nV > <n'? > W,
101
2.3 0.30
] 91
2.2 0.251
2.1 81
0.20
2.0 71
1.9] 0.15+
0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
17.5 ]
3-31 15.0- 0.6
3.04 12.51
0.4
2.5 10.01
2.0‘¢ :{ 7.5
I 0.2 i
1.51 5.01 }:
s W £ x E s W E x £ s W E  x E
2 8 5 % g 5 B 5 § & I
o g T o g T o 2 T
o o o
[ [ @
o o o

Fig. 3. This figure describes our present results compared with those of G24. Top panels, left to right: violin plots of the posterior distributions
of the three parameters (n"), (n®), and ., respectively representing the expected number of peaks per GRB of the peak-poor and the peak-rich
classes, and the fraction of peak-rich GRBs obtained for the GBM sample. The horizontal bars span 5-95% quantiles. Bottom panels, left to right:
comparison between the results obtained for the same parameters in this work, with those obtained by G24 from other catalogues.

230307A has 53 peaks. Should peak richness be confirmed in
future analogous events, it would provide a clue to the way the
inner engines of these mergers work.

Figure 3 shows a visual comparison between the GBM
results reported here and the results obtained by G24. Interest-
ingly, while the fraction of peak-poor GRBs is basically the same
for all the five catalogues, the average numbers of peaks per each
GRB for both families of the only BATSE is somewhat higher.
As discussed in G24, this is ascribed to the larger effective area
of BATSE compared with the other instruments, including GBM.

In conclusion, we confirmed that the existence of these two
families is a robust result that is not sensitive to the experiments
and their energy passbands. As discussed by G24, these two dif-
ferent dynamics ruling long GRB prompt emission might point
to either two different families of engines left over by the col-
lapse of the core, either a NS or a BH, or two different regimes
in which GRB engines release their energy. As noted in G24,
the distinctive property of peak-rich GRBs is the presence of
sub-second variability that adds to the slow-varying component,
which is instead observed in both kinds of GRBs.

The existence of two distinct dynamics in the observed popu-
lation of GRBs can be interpreted within different models of how
dissipation into gamma-rays takes place (see G24 for a detailed
discussion). Consequently, it does not directly help to discrimi-
nate between different interpretations. Nevertheless, it provides
a solid clue to how GRB engines work, with the possibility that
they could operate close to a critical regime. In this way, a com-

pletely different dynamical behaviour can result from a small
difference in some key properties, such as the degree of mag-
netisation of the relativistic ejecta, as discussed in G24. Should
the peak richness of GRBs be found preferentially associated
with other key properties in future investigations, the implica-
tions would help to narrow down the identity of GRB engines
and the nature of the dissipation process that governs the prompt
emission.
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ABSTRACT

Context. Gamma-ray bursts (GRBs) have traditionally been classified by duration as long (LGRBs) or short (SGRBs), with the
former believed to originate from massive star collapses and the latter from compact binary mergers. However, events such as the
SGRB 200826A (coming from a collapsar) and the LGRBs 211211A and 230307A (associated with a merger) suggest that duration-
based classification could sometimes be misleading. Recently, the minimum variability timescale (MVT) has emerged as a key metric
for classifying GRBs.

Aims. We calculated the MVT, defined as the full width at half maximum (FWHM) of the narrowest pulse in the light curve, using an
independent dataset from Fermi/GBM, and we compared our results with other MVT definitions. We updated the MVT-Ty, plane and
analysed peculiar events such as long-duration merger candidates 211211A, 230307A, and other short GRBs with extended emission
(SEE-GRBs). We also examined extragalactic magnetar giant flares (MGFs) and explored possible new correlations with peak energy.
Methods. We used the MEPSA algorithm to identify the shortest pulse in each GRB light curve and measured its FWHM. We calculated
the MVT for around 3700 GRBs, 177 of which have spectroscopically known redshift.

Results. The SEE-GRBs and SGRBs share similar MVTs (from a few tens of to a few hundred milliseconds, indicating a common
progenitor, while extragalactic MGFs exhibit even shorter values (from a few milliseconds to a few tens of milliseconds). Our MVT
estimation method consistently yields higher values than another existing technique, the latter aligning with the pulse rise time. For
LGRBs, we confirm the correlations of MVT with peak luminosity and Lorentz factor.

Conclusions. We confirm that although MVT alone cannot determine the GRB progenitor, it is a valuable tool when combined with

other indicators, as it helps flag long-duration mergers and distinguish MGFs from typical SGRBs.

Key words. methods: statistical — gamma-ray burst: general

1. Introduction

Gamma-ray bursts (GRBs) are brief yet extremely intense
flashes of gamma rays produced at cosmological distances.
They are thought to arise from at least two types of catas-
trophic events: (i) the core-collapse of certain types of mas-
sive star, known as collapsars (Woosley 1993; Paczyriski 1998;
MacFadyen & Woosley 1999; Yoon & Langer 2005) — typically
occurring at the centre of star-forming galaxies (Fruchter et al.
2006) and associated with Type Ic-BL supernovae (Galama et al.
1998; Hjorth et al. 2003), and (ii) binary compact object merg-
ers (Blinnikov et al. 1984; Paczynski 1986; Eichler et al. 1989;
Paczynski 1991; Narayan et al. 1992; Abbott et al. 2017). The
central engine, which powers an ultra-relativistic jet, could be
either a stellar-mass black hole surrounded by a hyper-accreting
thick accretion disc (Popham et al. 1999; Di Matteo et al. 2002;
Janiuk et al. 2007; Leietal. 2013) or a strongly magnetised,

* Corresponding author: mccrnl@unife.it

rapidly spinning neutron star, also known as a magnetar (Usov
1992; Wheeler et al. 2000; Thompson et al. 2004; Metzger et al.
2011). Despite much progress, the exact nature of the cen-
tral engine(s), the mechanism(s) by which the relativistic jet
is launched, the jet composition, and the radiation process(es)
responsible for the gamma-ray emission remain unresolved
questions.

Initially, GRBs were classified by their duration, with long
GRBs (LGRBs) typically linked to collapsars and short GRBs
(SGRBs) to mergers. However, a class of events known as
SGRBs with extended emission (SEE-GRBs) and presenting a
short, hard spike followed by a longer softer emission (some-
times lasting tens of seconds) challenged this simple classifi-
cation (Norris & Bonnell 2006). For instance, events such as
060614 (Gehrels et al. 2006; Della Valle et al. 2006; Fynbo et al.
2006; Jin et al. 2015; Yang et al. 2015), which exhibited zero
spectral lag and no evidence of a supernova despite occurring
at low redshift, raised doubts about the reliability of using dura-
tion alone to infer the kind of progenitor. In many cases, the
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host galaxy remains undetected, and redshift measurements are
unavailable, making it difficult to determine the progenitor type.
Recent cases, such as 211211A (T9p =~ 34 s; Rastinejad et al.
2022; Gompertz et al. 2023; Yang et al. 2022; Troja et al. 2022;
Xiao et al. 2022) and 230307A (T9y =~ 35 s; Dalessi et al. 2023;
Xiong et al. 2023; Du et al. 2024; Dai et al. 2024; Levan et al.
2024; Yangetal. 2024) were followed by a kilonova (KN),
which provided compelling evidence that even mergers can pro-
duce long-duration GRBs, further emphasising the need for a
new classification system. Given the growing complexity, fami-
lies (i) and (ii) are now frequently described as merger GRBs and
collapsar GRBs or, alternatively, as Type-I and Type-II GRBs,
respectively (Zhang 2006).

Among fast, high-energy transient events, there is another
category known as magnetar giant flares (MGFs), which is
sometimes mistaken for typical SGRBs. These events, produced
by galactic or extragalactic magnetars, are characterised by a
shorter rise time and duration, a harder peak energy, and a lower
equivalent-isotropic energy, Eis, = 10%746 erg, compared to cos-
mological SGRBs. When occurring within the Milky Way, they
exhibit a long decaying tail modulated by the neutron star rota-
tion period (Mazets et al. 1979; Feroci et al. 1999; Hurley et al.
1999, 2005), which is below instrumental sensitivity when
they happen in nearby galaxies (Ofek et al. 2006; Mazets et al.
2008; Burnsetal. 2021; Svinkinetal. 2021; Roberts et al.
2021; Fermi-Lat Collaboration 2021; Mereghetti et al. 2024;
Trigg et al. 2024; Rodi et al. 2025).

Numerous attempts to classify GRBs using different
prompt emission properties have been made (Goldstein et al.
2010; Liietal. 2010, 2014; Tsvetkovaetal. 2025). Many
efforts have also been made to develop machine-learning
(ML) based GRB classification methods (Jespersen et al. 2020;
Salmon et al. 2022; Steinhardt et al. 2023; Dimple et al. 2023;
Garcia-Cifuentes et al. 2023; Chen et al. 2024; Zhu et al. 2024;
Dimple et al. 2024). These methods generally recover the usual
properties of the two GRB classes. ML-identified Type I GRBs
tend to be shorter and spectrally harder than ML-identified
Type I GRBs. However, complex cases —such as GRB 211211A
and GRB 230307A - continue to challenge even the most
advanced classification algorithms (see e.g. Zhu et al. 2024).
This highlights the persistent challenges in GRB classification
and the importance of identifying the most relevant parame-
ters for distinguishing GRB progenitors. A promising approach
involves the minimum variability timescale (MVT), defined as
the shortest timescale over which the signal shows uncorrelated
temporal variability. Several methods have been proposed to cal-
culate the MVT, such as temporal deconvolution into pulses
(Norris et al. 1996, 2005; Bhat et al. 2012) and wavelet decom-
position (MacLachlan etal. 2013; Golkhou & Butler 2014;
Golkhou et al. 2015; Vianello et al. 2018).

The MVT could be directly linked to the activity of
the central engine, as is the case for the internal shock
(IS) model (Rees & Meszaros 1994; Kobayashi et al. 1997;
Daigne & Mochkovitch 1998), or it may originate locally
in the emission region. In the latter case, either rela-
tivistic turbulence (Kumar & Narayan 2009) or the emis-
sion of Doppler-boosted local emitters (Lyutikov et al. 2003)
could determine the MVT. These two pictures are being
unified by the Internal Collision-Induced Magnetic Recon-
nection and Turbulence model (ICMART; Zhang & Yan
2011), according to which longer timescales are linked
to the central engine activity, while the shorter ones are
attributed to relativistic magnetic turbulence within the emission
region.
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Camisasca et al. (2023a, hereafter C23) defined the MVT as
the full width half maximum (FWHM) of the shortest pulse that
is detected with statistical confidence within a GRB light curve
(LC). This method builds on the MEPSA algorithm (Guidorzi
2015), which was designed to identify statistically significant
peaks in a given GRB LC. This method has the advantage of hav-
ing a straightforward interpretation. In their study, they explored
various possible correlations between the MVT, Lorentz factor,
jet opening angle, and peak luminosity.

This method was also applied to the case of 230307A,
where an MVT of 28 ms was reported by Camisasca et al.
(2023b), suggesting a merger origin, in agreement with the dis-
covery of a KN (Bulla et al. 2023; Levan et al. 2024). This con-
firms the usefulness of the MVT in identifying long-duration
merger candidates. The MVT can also be useful in distinguishing
extragalactic MGFs from regular SGRBs.

The combination of MVT and other metrics may help further
identify interesting merger candidates. In fact, Guidorzi et al.
(2024a) showed that the combination of high variability (V >
0.1), relatively low luminosity Lig, < 10°! ergs™!, and short
MVT (<0.1 s) may be indicative of a compact binary merger ori-
gin, in spite of the long duration and misleading temporal profile.

Our goal is to verify the results obtained by C23 using the
complementary dataset of the Fermi Gamma-ray Burst Moni-
tor (GBM; Meegan et al. 2009). This is an all-sky monitor, and
it is sensitive to soft gamma-rays, with 12 sodium iodide (Nal)
scintillators working in the range from 8 to 1000 keV and two
additional bismuth germanate (BGO) detectors operating from
150 keV to 30 MeV.

On the one hand, it is important to test the results obtained
by C23 through an independent dataset. On the other hand, the
GBM data in particular allow us to update and extend the analy-
sis to interesting candidates that were detected exclusively with
GBM. With over 3000 recorded GRBs, excellent time resolution
(<10 ps), and its large energy passband, Fermi/GBM is ideally
suited to a statistical analysis of GRB MVTs.

We have organized this work as follows: Section 2 describes
the GRB sample and the data analysis. Results are reported in
Section 3. We discuss the implications and conclude in Section 4.
Hereafter, we use the flat-ACDM cosmology model with the lat-
est cosmological parameters values Hy = 67.66 km Mpc™! 57!
and Qy = 0.31 (Planck Collaboration VI 2020).

2. Data analysis
2.1. Dataset

We started with 3792 GRBs triggered by Fermi/GBM from 14
July 2008 to 11 June 2024. We kept 3720 of them, as the
others were not entirely covered by time tagged events (TTE)
data. Some very bright GRBs, such as 221009A and 130427A,
were also removed due to their brightness, which saturated
the Nal detectors (Ackermann et al. 2014; Lesage et al. 2023).
Among the remaining GRBs, 177 have a measured redshift,
with 152 classified as collapsar candidates (or Type-II), 20 as
merger candidates (or Type-I), and 5 as SEE-GRBs. Seventeen
GRBs of the former class are associated with a supernova (SN).
We also have 44 SEE-GRBs, either identified by Kaneko et al.
(2015), Lien et al. (2016), Lan et al. (2020) or reported as such
by the Gamma-ray Coordinate Network. Additionally, two long-
duration merger candidates, 211211A and 230307A, appear in
our sample. They are LGRBs, having Toy > 2 s, and do not nec-
essarily follow the morphology of SEE-GRBs. Table 1 reports
the data.
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Table 1. First five GRBs of our sample. This table is available in its
entirety in machine-readable form (see Section 5).

GRB Fermild ~ FWHMpin[s] Too[s] z N, Type
080714B  bn080714086  2.429*088 5376 - 2 1
080714C  bn080714425  5387'8%0 . 40192 - 2 i
080714A  bn080714745  3.825!3% 59649 - 1 1l
080715 bn080715950  0.172%9%0. 7872 - 2 I
080717 bn080717543  7.252%732 . 36608 - 1 i

Table 2. Three MGFs in our sample.

GRB Fermi Id FWHM,,;;, [ms] Tg [s] d [Mpc]
180128A  bn180128215 8.12+2:80 0.208 3.7
200415A  bn200415367 2.97+1% 0.144 35
231115A  bn231115650 2441783 0.032 35

—6.31

We also considered three extragalactic MGFs: 200415A
(Yang et al. 2020; Roberts et al. 2021; Svinkinetal. 2021;
Fermi-Lat Collaboration 2021), 231115A (Mereghetti et al.
2024; Minaev et al. 2024), and 180128A (Trigg et al. 2024).
Their data are reported in Table 2.

2.2. Data reduction

We used the TTE data in the 8-1000 keV energy range, with
an integration time of 64 ms. Whenever it was required by the
procedure described in C23, we also used 1024, 4, and 1 ms.
For each burst, we selected the GBM detectors based on the
‘beat detector mask’ entry in the HEASARC catalogue!. We dis-
carded the GRBs affected by solar flares and those with profiles
not entirely contained in the TTE mode of GBM. The back-
ground was interpolated and subtracted using the GBM data
tools? (Goldstein et al. 2022) and following the standard proce-
dures also applied in Maccary et al. (2024).

2.3. Minimum variability timescale computation

We adopted the MVT calculation defined in C23 as the FWHM
of the narrowest, statistically significant peak in the LC (denoted
hereafter as FWHM,y;,). We measured FWHM,,;, following the
prescriptions of C23, which build upon MEPSA:

— The MVT is tentatively computed on the 64 ms LC, and the
binning scheme is refined down to 4 ms or even 1 ms when
needed.

— MEPSA is applied to the corresponding LCs, using a maxi-
mum rebin factor of 256.

— Peaks are filtered using S/N thresholds following a scheme
ensuring the same false alarm probability through different
bin times® (see Figure 1 of C23).

— The FWHM of each peak is computed using the cali-
brated formula established in C23, which depends on MEPSA

! https://heasarc.gsfc.nasa.gov/db-perl/W3Browse/
w3table.pl?tablehead=name%3Dfermigbrst&Action=More+
Options

2 https://fermi.gsfc.nasa.gov/ssc/data/analysis/gbm/
gbm_data_tools/gdt-docs/.

3 §/N=>7,68,64,6at1,4, 64,1024 ms.

parameters. Then, the FWHM of the shortest significant peak

is defined as FWHM,,;,.

We compared the results of this method with a more direct
computation of the FWHM of the shortest significant pulse
obtained by fitting its time profile with a fast rise exponential
decay (FRED) model (see Appendix A for more details). In
Appendix B, we present a comparison of the results obtained
using Swift/BAT and Fermi/GBM data. Also, in Appendix C we
compare the results of our method with those obtained with the
Bayesian blocks (Scargle et al. 2013) algorithm.

Out of 3720 GRBs, we obtained 3350 GRBs with a reli-
able measure of FWHM,,,;,. Of these, 2992 of them are LGRBs
(Tog > 2 s), while 358 are SGRBs (T9y < 2 s). For 29 GRBs,
we could only determine an upper limit of FWHM,;,. For 339
GRBs, the S/N was not high enough to enable a reliable measure
of FWHM .

3. Results

In the following, we present the results of the MVT measure-
ments for the 3350 GRBs for which FWHM,;, was successfully
determined. We analyse the distribution of MVT of different
GRB classes, examine correlations with other burst properties,
and compare these findings with models and former studies.

3.1. Comparison between our MVT estimation with other
techniques

We compared three possible ways to measure the MVT: (i) the
FWHM of the narrowest pulse, denoted as FWHM; (ii) the
MVT as computed by Golkhou et al. (2015, hereafter G15) and
Veres et al. (2023, hereafter V23) using wavelet decomposition,
denoted as Afy,; and (iii) the detection timescale of the nar-
rowest pulse identified by MEPSA, denoted as Atfge, Which is
the time interval over which the detection significance is max-
imised (see Guidorzi 2015 for details). The FWHM,,;, can be
computed either by directly fitting the LC or by using MEPSA
along with the procedure described in Sect. 2.3. As demon-
strated in Appendix A, the two methods give similar results, with
most estimates compatible within uncertainties. Therefore, for
the purpose of (i), we only consider the latter approach, as it
gives a reliable estimate of the narrowest pulse FWHM.

Figure 1 compares FWHM i, and Az, We observed a sig-
nificant discrepancy between the two, with FWHM,i, being sig-
nificantly longer. Interestingly, the Ary;, values are consistent
with the detection timescale values Atqe, calculated by MEPSA
(Figure 2).

According to simulations carried out in Guidorzi (2015) and
C23, the brighter the pulse, the smaller the ratio of Atyqe/FWHM.
Specifically, C23 came up with a calibrated relation between
FWHM;,i, and Afge, which they used to estimate the former
from the latter while also using other ancillary information
yielded by MEPSA and modelling the corresponding uncertainty
(see Equation A3 therein).

Our analysis confirms that Az, is more closely related with
the detection timescale (Figure 2) and the rise time, #, (Figure 3),
than the FWHM (Figure 1) of the pulse, as also mentioned by
G15. Indeed, Atgeq ~ Atppin ~ t., with median values of 0.6 and
1.1 for Atger/Atmin and Atyn/t,, respectively. The GRB pulses
are typically asymmetric, with a decay-to-rise time ratio of 3—
4. As a consequence, the FWHM is comparably longer than the
rise time alone and explains why FWHM, is longer than Aty
by a comparable factor. This difference between FWHM,;, and
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Fig. 1. Plot representing Aty versus FWHM,;, for the GRBs in com-
mon. Red points show GBM data, where At,;, was taken from G15
and V23, while blue points are BAT data, with At,,;, being taken from
Golkhou & Butler (2014). Equality is shown with a solid line, while
dashed lines show +1 dex.
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Fig. 2. Plot representing Aty,;, versus Aty for the GRBs in common.
Atyin is the MVT estimate from G15 and V23 obtained with GBM,
while Aty is the detection timescale found with MEPSA. Solid and
dashed lines have the same meaning as in Figure 1.

Atyin is important to bear in mind, especially when it is to be
interpreted within a theoretical context.

3.2. FWHM,,,,—Ty plane

Following C23, in Figure 4 we plot FWHM,, versus Tgg for
the bursts of our sample. We also computed the median value
of FWHMy,;;, for the various GRB classes and applied two-
population Kolmogorov-Smirnov (KS) tests to investigate their
mutual compatibility. Results are reported in Table 3. Clearly,
LGRBs show greater FWHM,,;;, values, with a median value of
2.4 s, while it is about 0.2 s for the SGRBs. The GRBs with an
ascertained SN association have typical FWHM,;, values sim-
ilar to the bulk of LGRBs, with a median value of about 1.6 s,
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Fig. 3. Plot showing At,;, versus the rise time ¢, of the fitted pulse for
the samples of GRBs defined in Appendix A. Red points show GBM
data, where Atr,;, was taken from G15 and V23, while blue points are
BAT data, with At,,;, taken from Golkhou & Butler (2014). The solid
and dashed lines have the same meaning as in Figure 1.
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thus pointing towards a common collapsar origin for the bulk of
LGRBs.

Conversely, SEE-GRBs FWHM,,;;;, values (about 0.15 s) are
closer to those of SGRBs than LGRBs, supporting a common
origin. Our results are consistent with those of Kaneko et al.
(2015) and Lan et al. (2020). Among them, 161129A was also
noted by Guidorzi et al. (2024a) to have a combination of high
variability V'~ 0.6, relatively low luminosity (L, ~ 2 X
10°! erg s~!), and short MVT, which is potentially characteris-
tic of long-duration merger candidates. The initial spike has an
MVT of about 20 ms, although it is slightly below the threshold
detection of our technique, having SNRyy,s = 6.6 < SNRQ}LS =
6.8 for the 4 ms binned LC.

Long-duration merger candidates, such as 211211A and
230307A, are definite outliers in the LGRB FWHM,,;, distri-
bution, with an MVT of 5 and 17 ms, respectively. These two
cases show that duration alone could be misleading and show-
case the potential of MVT to unveil these baffling merger can-
didates, as already pointed out in C23 and V23. Notably, 2% of
LGRBs have FWHM,,;, < 0.1 s, indicating that LGRBs could
include unidentified merger candidates. A few of these events,
which also look similar to canonical SEE-GRBs, are displayed
in Figure 5. Additionally, we considered 191019A, a long GRB
(Tgg = 64 s) at redshift z = 0.248 and with no associated
SN, which might also be a merger candidate (Levan et al. 2023;
Stratta et al. 2025). We note that 191019A was not detected by
GBM; however, using Swift/BAT data, Camisasca et al. (2023a)
reported an MVT of 0.196 s. Assuming the scaling of FWHM;,
with photon energy (see Appendix D), we estimated that we
would have found 0.14-0.15 s with the GBM, placing 191019A
in the outskirts of the LGRB FWHM,,;, distribution. 221009A
is not included in this analysis, owing to the strong satura-
tion issues in Fermi/GBM. A MVT of 0.1 s, obtained with
HXMT/HE data, was reported by Zhang et al. (2025), compat-
ible with both Type I and Il FWHM,;, distributions.

The MGFs have a mean FWHM,;;, of 12 ms, hence exhibit-
ing even shorter values than typical SGRBs. Table 3 shows the

[January 29, 2026 at 15:00 — classicthesis]



A.9 PAPER III:

GAMMA-RAY BURST MINIMUM VARIABILITY TIMESCALES WITH FERMI/GBM

Maccary, R., et al.: A&A, 702, A95 (2025)

102_
101_
100_

103

102_

101 |

Too [S]

10047

1071y

e 231115A

;

200826A

102

1073 102 101

10° 10! 10210° 101 102

Fig. 4. Scatter plot of FWHM,,;, and Ty, for the Fermi/GBM sample along with the corresponding marginal distributions. Blue (red) points
represent short (long) GRBs. Gold points represent SN-associated GRBs. Magenta, lime, and cyan points represent SEE-GRBs from Lien et al.
(2016), Lan et al. (2020), Kaneko et al. (2015), respectively. Three extragalactic MGFs candidates, 180128A, 200415A, and 231115A, are shown
in brown. The SEE-GRBs from the three samples considered are shown altogether in grey in the top and right panel. We also show with a black
star the two peculiar LGRBs, 211211A and 230307A, associated with a kilonova event and 191019A, which may be a short GRB that exploded in
a dense environment. We also highlight the peculiar short collapsar GRB 200826A associated with an SN.

median FWHM,,,;, value for the different populations as well as
the result of the KS tests.

3.3. Peak rate versus FWHM,,;i,

In line with the procedure of C23, we characterised the detection
efficiency of MEPSA applied to GBM data as a function of both
FWHM,,;in and PRy, the latter being the maximum peak rate
of any given pulse. To this aim, we generated synthetic pulses
assuming the Norris function (Norris et al. 1996) and added a
constant background with a count rate selected from a sample
of real background rates observed with GBM. For each GRB,
the background rate is the sum of the individual rates across all
the Nal detectors involved. Poisson noise was finally simulated
for the total expected counts per bin. We simulated GRBs with
PR,0x ranging from 107 to 10° cts s™' and with FWHM,;, going

from 1072 to 107 s. For each point of this grid, we simulated
100 pulses and estimated the detection efficiency by counting
how many times MEPSA detected the peak with a S/N > 5. The
detection efficiency, €4, is approximately described by a linear
function of the logarithm of both quantities:

FWHM,,;,
Ik @

€det = aloglo(

The optimal coefficients were found to be a = 1.27, b = 2.83,
and ¢ = —7.33. Eq. (1) is the GBM analogous of Eq. (2) of C23:

FWHM. .. \~045
PRy > 877 cts s~ (T‘”‘““) 100-35(e=1)_ @)

The meaning of Eq. (2) is illustrated by the following example:
For a pulse with MVT of 10 ms to be correctly identified with
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Table 3. Median FWHM,;;, values for different GRB groups along with
the p-values of the two-population KS test between the FWHM,,;;, val-
ues of each corresponding pair of groups.

Sample FWHM® LGRBs SGRBs
(s)

LGRBs (2994) 24 - 107 (x)
SN GRBs (17) 1.6 017(/) 71107 (x)
SGRBs (358) 0.15 107% (x) -
SEE-GRBs® (6) 0.11 0.0004 (x) 0.73 (/)
SEE-GRBs® (16) 0.16 75107 (x)  0.75(/)
SEE-GRBs® (22) 0.2 131002 ()  0.73()
MGFs © (3) 0.008 23107 (x)  0.003 (x)

Notes. @Median value. ®Identified by Lien et al. (2016). ©Identified
by Kaneko et al. (2015). @Identified by from Lan et al. (2020). ©®From
extragalactic magnetars.

90% confidence, its peak rate has to be 26430 cts s™' (a con-
dition that is fulfilled by just 13% of the bursts in our sample).
Figure 6 illustrates €4 in the PRy,;x—FWHM,y,i, plane.

3.4. Peak luminosity versus FWHM i,

We computed the isotropic-equivalent peak luminosities, Ly, as
done in Maccary et al. (2024) for 152 collapsar-candidate GRBs
with known redshift. We studied the L, — FWHMy,, correla-
tion, which was observed in other catalogues (C23). The result
is shown in Figure 7.

The selection effects significantly influence the distribution
in the L,—FWHM,;, plane. Specifically, narrower pulses require
a higher peak rate to be detected. This selection bias could
hide possible weak and short bursts that could contribute to
demote the correlation. To account for this bias, we carried out
a suite of simulations following the procedure set up in C23.
We divided our sample into nine bins of redshift and simulated
points within the L, — FWHMy,;, plane for each bin. For each
bin, we randomly generated as many points as in the correspond-
ing observed sub-sample, where L, was drawn from the distri-
bution of the observed luminosities in that bin and FWHM,y;,
was sampled from a probability density function derived from
Gaussian kernel density estimation of the Type-1II LGRBs with
known redshift. Each point was accepted or rejected based on
two conditions: (1) a Bernoulli trial with probability p = €ge
calculated using Eq. (1) for that specific point was success-
ful, and (2) the isotropic energy of this synthetic pulse did not
exceed the maximum observed energy in that bin, given by

L,FWHMyy < BP0

We carried out N = 10* simulations. In this way, we did
not assume any correlation between L, and FWHM,;,, whereas
the resulting apparent correlation is entirely due to the selection
effects (Figure 8).

We then applied Pearson, Spearman, and Kendall correlation
tests to the real data using logarithmic values for the analysis. For
Type-I1 GRBs, we obtained p-values of 8x1071%,2.5x 1074, and
8x 10713, respectively. In contrast, we found no evidence of such
a correlation for Type-I GRBs, with p-values of 0.96, 0.83, and
0.86, respectively. We then applied the same correlation test to
the N = 10* simulated datasets to build the corresponding refer-
ence distributions for the p-values that account for the selection
effects discussed above. The results are shown in Figure 9 and
reveal that the simulated datasets were more correlated than the
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real ones only in 0.5%, 2.1%, and 2.3% of cases, respectively,
which represent the probabilities that the observed correlation
could arise purely from selection effects.

3.5. Number of peaks versus FWHM i,

Figure 10 shows FWHM,;, versus the number of peaks within
a GRB. GRBs with numerous peaks (peak-rich GRBs) tend
to have shorter MVTs compared with those with fewer peaks
(peak-poor GRBs), as was also observed in Swift/BAT GRBs
(Guidorzi et al. 2016). The same authors also found that peak-
richness correlates with a shallower power density spectrum,
which means that shorter timescales have relatively more tem-
poral power than in peak-poor GRBs (Guidorzi et al. 2024b).

3.6. Lorentz factor versus FWHM i,

We took the Lorentz factors (LFs, hereafter noted as I'y) from
the same references as in C23, that is Lii et al. (2012), Xue et al.
(2019), and Xin et al. (2016). We found 95 GRBs both detected
by Fermi/GBM and reported in these studies. For 87 of them,
Xue et al. (2019) made use of the Li, — E, — I'g correlation
to get pseudo values of I'y, while for the remaining nine, we
used the early afterglow peak to compute I'. We then considered
additional references for individual GRBs: 140102A, whose Iy
was reported by Gupta et al. (2021) (who also modelled the for-
ward and reverse shock), as well as 211211A and 230307A. The
value of the LF of 211211A (approximately 'y ~ 1000) has been
obtained by modelling the forward shock (Mei et al. 2022) and
by measuring the deceleration peak (Veres et al. 2023). Accord-
ing to Zhong et al. (2024), 230307A has log(I'y) ~ 2.77. Our
sample also includes one SGRB, 090510, which is a rare case of
SGRB detected by Fermi/LAT. In this case, Iy was estimated
from the peak of the high-energy afterglow (Ghirlanda et al.
2010). The other SGRB in our sample is 170817A, for which
a considerably less reliable measure of Iy was obtained using
Ey; — Eiy, and Iy — Ejg, correlations (Zou et al. 2018). We also
considered the sample of GRBs from Ghirlanda et al. (2018)
separately. We collected 65 Type-II GRBs in common with our
sample, with 26 of them being part of their golden or silver sam-
ple and 39 taken as upper limits. We also report the six cases of
Type-I GRBs for which a measure of Iy is possible. The results
are shown in Figure 11. The left panel shows FWHM,,;, versus
Iy, while the right panel displays FWHM, versus I’y as mea-
sured by Ghirlanda et al. (2018).
We computed the radius, R, at which the gamma-ray emis-
sion is produced using
To | FWHM i
100 ls

R = 2¢Ti FWHM,,;,, =6x 101 cm[ } 3)

Eq. (3) is derived from the IS model (Rees & Meszaros 1994;
Daigne & Mochkovitch 1998). We used FWHM,;;, as a proxy
of the MVT in the emission radius calculation rather than
Atmin because the former can be considered as the sum of the
rise and the decay time, while the latter gives only the rise
time. This choice was motivated by the fact that the emission
radius in the IS framework is linked to the angular spreading
timescale, R/cI'2, which also governs the decay time of the pulse
(Kobayashi et al. 2002). Since the decay of GRB pulses is three
to four times slower than the rise, it is more accurate to con-
sider FWHM i, than Atp;, when computing the emission radius.
Figure 12 shows the R distribution for the Type-II GRBs in our
sample. The emission radii, R, for all of our GRBs range from
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Fig. 5. Top panels: LC of 211211A (left) and of 230307A (right) when using the 8-1000 keV range. Bottom panels, left to right: LC of 080807,
090720B, and 090832A, respectively (in the same energy range as top panels). The yellow window includes the initial short spike, while the blue
one includes the extended emission. The inset in each panel shows a zoom-in on the narrowest pulse. The black point indicates the detection
timescale, Atqe, of the narrowest pulse, while the orange region shows the window encompassing FWHM,;;,.
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Fig. 6. For the GBM sample, PR,,,x versus FWHM,;;,. Blue dots rep-
resent Type-I GRBs (i.e. SGRBs and SEE-GRBs), while red dots rep-
resent Type-II GRBs. Lighter dots correspond to individual GRB data,
and darker dots indicate the geometric mean of data from GRB groups
sorted by increasing FWHM,,;,. Each Type-I group consists of 50
GRBs; each Type-II group consists of 270 GRBs. Dotted lines show
the best fit for Type-II GRBs. Shaded areas illustrate ten regions with a
detection efficiency ranging from 0 to 1. Cyan dashed lines indicate the
50% and 90% detection efficiency contours.

10" to 10'7 cm. Notably, 80% of the bursts have R values greater
than 10" cm, with a mean value of ~6 x 103 cm. As a further
test, we computed the deceleration radius, Rge., and we checked
that R < Rge using

Riee =62% 10 cm E T
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Fig. 7. Peak luminosity versus FWHM,,;, for collapsar-candidate (or
Type-1I) GRBs. The red points represent the geometric means of GRB
groups sorted by increasing FWHM,;,. The dashed line indicates the
best fit. GRBs are also categorised by the number of peaks, with the
more luminous ones having more peaks.

where Eig 50 = Eiso/10%2 erg and I’ = I'/100, with Ej,, being
the explosion energy (Eis, = E,s0/n, with efficiency n) and n
the medium density. This was derived from Sari & Piran (1999),
Molinari et al. (2007) and corresponds to the thin shell case.
We assumed a constant density medium of n = 1 cm™ and
an efficiency of = 0.2. We found only two cases where
R > Rgye, namely 090423 and 171222A, with R/Rg.. ratios
of 1.1 and 1.3, respectively. Unfortunately, there is no broad-
band modelling of the afterglow for these GRBs, so we are
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Fig. 8. Diagram showing L, versus FWHM,,;, for the Fermi/GBM divided into nine redshift bins with equal logarithmic spacing in luminosity
distance. The blue dots represent merger-candidates (or Type-I GRBs), and red dots represent collapsar-candidates (or Type-II GRBs). The dashed
cyan lines show 90% and 50% detection efficiency (vertical bars). Gold dashed lines indicate regions of constant isotropic-equivalent released
energy (in erg) for each peak, roughly calculated as Ej;, = L, X FWHMp,.

unable to verify whether our fiducial values are accurate esti-
mates of the explosion energy and medium density in these
cases.

3.7. Peak energy versus FWHM i,

We explored the relationship between the MVT and the peak
energy, E,. We took the E, information from the GBM cata-
logue (Goldstein et al. 2012). For 1921 bursts, measures of both
E, and FWHMy,,, are available. For a subsample of 107 with
measured redshift, we could also compute the rest-frame peak
energy E,; = (1 + z) E,. We calculated the Pearson, Spearman,
and Kendall correlation coeflicients using the logarithmic values,
which turned out to be —0.29, —0.30, and —0.21, with associated
p-values of (5,2.4, and 2) x 1074, respectively. This suggests that
the two quantities are somehow correlated, despite the large dis-
persion, as shown in Figure 13.

We fitted the data with a power law, log(E,/keV) =
m log (FWHM,;, /s)+¢, and modelled the dispersion as a further
parameter, minimising the D’Agostini likelihood (D’Agostini
2005). This likelihood is suitable to model correlations affected
by a significant scatter, which is treated as a model parame-
ter and is referred to as intrinsic dispersion of the correlation,

A95, page 8 of 14

-0. 19+0A10

denoted with o-. The resulting parameters are m = 0000

g =2.66+0.07, and o = 0.43°%

4. Discussion and conclusions

As previously investigated in C23, we confirm that FWHM,;, is
arobust estimate of the MVT, although it carries a slightly differ-
ent meaning compared to G15, which is more tightly connected
to the rise time of the pulse. The MEPSA detection timescale,
however, also proves to be a good indicator of the rise time of
the narrowest pulse, thus providing a very simple and practical
method to compute it. These differences are important to keep in
mind, especially when the MVT values are interpreted within a
theoretical context.

In the IS model, the hydrodynamic timescale and the angu-
lar spreading timescale govern the rise and the decay time of a
GRB pulse, respectively (e.g. Kobayashi et al. 2002). The hydro-
dynamic timescale, which dictates the rise time, is the shock-
crossing time, approximately ~I/c, where / represents the char-
acteristic irregularity scale or shell width in the outflow. The
angular spreading timescale, which determines the decay time,
results from the time delay or spread due to the angular extent
of the emission region. This timescale is roughly R/cI'?, where
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Fig. 10. Number of pulses within a GRB as a function of FWHM,;,
colour-coded by S/N. The GRBs that are composed of a large number
of pulses are more likely to have a shorter FWHM;y.

R is the emission radius and I is the Lorentz factor of the emis-
sion region. Since most observed pulses exhibit a faster rise than
decay, the pulse width is primarily set by the angular spreading
time.

We confirm that millisecond-long pulses are very rare in
GRBs. While partly affected by detection thresholds, their
scarcity appears to be a genuine feature. Having investigated
three independent studies, we confirm that SEE-GRBs have
shorter MVTs than LGRBs, compatible with the bulk of SGRBs.
Additionally, the three well-known long-duration merger can-
didates 211211A, 230307A, and 191019A to a lesser extent
have very short MVTs (5, 17, and 150 ms) , providing further
evidence that short MVTs are characteristic of Type-I GRBs,
regardless of the total duration. Our MVT results align with
the conventional interpretation that SEE-GRBs are essentially
SGRBs with an additional emission component. The exact phys-
ical mechanism behind the extended emission remains unclear.
Several models have been proposed, including long-lasting
activity from the central engine, such as a magnetar formed
during the merger (Metzger et al. 2008; Jordana-Mitjans et al.
2022) or energy release from a late fallback accretion disc

(Rosswog 2007; Musolino et al. 2024), both of which can con-
tinue powering the emission after the main burst. These results
emphasise the importance of multi-wavelength follow-up obser-
vations, particularly for LGRBs with low MVTs, as these could
reveal other merger events that might otherwise be misclassified
as collapsar candidates.

The differences in MVT between Type-I and Type-II GRBs
may indicate distinct progenitors or disparities in jet propaga-
tion. The irregularity in GRB jets arises from a combination of
internal factors, such as variability in the central engine, and
external factors such as interaction with the surrounding medium
and jet instabilities. The conventional central engines are mag-
netars or black hole accretion disc systems. Even if both types of
GRBs are powered by black hole accretion discs, the black holes
in Type I events (SGRBs) likely have smaller masses, resulting
in shorter dynamical timescales. The GRB jets must also pene-
trate a dense medium surrounding the central engines: a stellar
envelope in the case of LGRBs (Type II) or neutron star merger
ejecta in the case of SGRBs (Type I). This interaction fosters
the growth of hydrodynamic instabilities along the jet boundary
(e.g. Gottlieb et al. 2020). Type II jets are likely more unstable
due to the higher density of the surrounding stellar envelope.
Additionally, pulses emitted within the photospheric radius are
obscured, adding further complexity. Extragalactic MGFs have
an even shorter MVT than every GRB population, thus offer-
ing an additional tool to distinguish them from traditional GRB
events.

We have confirmed, using an independent dataset, that in
the case of Type-II GRBs, peak luminosity does correlate
with FWHM,iy, while the same does not hold true for Type-
I GRBs. The question as to whether this is a result of a much
poorer sample or due to the intrinsic absence of correlation
will be addressed through future richer datasets. We confirmed
that GRBs with many pulses (pulse-rich GRBs, as defined in
Guidorzi et al. 2024b) tend to have shorter MVTs, supporting
the presence of two temporal behaviours: rapid variability atop
a slower FRED-like envelope and purely slow, FRED-like evo-
lution. This distinction may reflect differences in central engine
activity, circumburst interactions, or progenitor type. We com-
puted the LF and source emission radius, R. The R values we
found generally do not align with the IS model, where R typi-
cally ranges from 10" to 10'* cm. However, they are consistent
with the ICMART model, which predicts gamma-ray emission
at larger radii, R > 10'>"'® ¢cm (Zhang & Yan 2011), through
magnetic reconnection cascades.

We have investigated the plausible correlation between MVT
and peak energy. Given the established anti-correlation between
MVT and peak luminosity (see also C23, Wu et al. 2016) and
the known correlation between peak energy and peak luminos-
ity (Yonetoku et al. 2004; Ghirlanda et al. 2005), in principle,
we expected an anti-correlation between the MVT and E, ;.
Moreover, several GRBs with a small MVT have also been
detected at higher energies by Fermi/LAT, such as 080916C
(0.3 s, Tajima et al. 2008); 090510 (0.011 s, Ohno & Pelassa
2009); 090720B (0.014 s, Rubtsov et al. 2012); and 210410A
(0.07 s, Arimoto et al. 2021). Although we do find a correlation,
it is very dispersed. Smaller MVTs may imply shorter angular
spreading times and smaller emission radii, resulting in higher
shock energy density in the emission region. In the standard syn-
chrotron shock model, a constant fraction of the shock energy is
transferred to magnetic fields, with radiation from smaller radii
generally expected to be harder. However, since both the shock
energy generated through internal dissipation and the blue-shift
of emission frequencies depend on the Lorentz factor, velocity
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by the IS model (103 cm < R < 10 cm; Rees & Meszaros 1994;
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In the decade 10'*~15 cm (purple), the two regions overlap, and the emis-
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irregularities in the outflow—an essential assumption of the IS
model—can introduce significant dispersion in this relationship.

5. Data availability

Table 1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/702/A95.
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Appendix A: FWHM,,;;, compared to a direct fit of
the narrowest pulse

We compared FWHM,,;, measurements obtained using MEPSA
calibration and the procedure described in C23 with the results
derived from fitting the LC with FRED shaped pulses (denoted
as FWHMg,; see Maccary et al. (2024) for a detailed description
of the technique). To do so, we analysed a sub-sample of GRBs
with either one or a few peaks, for which a direct and accu-
rate modelling of the pulses’ shapes and FWHMs was feasible.
We initially selected 639 single-peaked GRBs with S/N > 10.
We excluded the GRBs that displayed a more complex tempo-
ral structure than a single well-shaped pulse, ending up with 544
GRBs. Their pulses were then fitted with a FRED template and
discarded the cases, whose best-fit parameters were too close to
the boundaries (chosen to avoid unrealistic parameter values), or
with relative errors on the rise time greater than 50%, reducing
the sample to 410 GRBs. We used Swift/BAT data as well, taking
a sub-sample of GRBs with less than 8 peaks in their LC. After
intersecting these data with the G15 and V23 results, we retained
244 GRBs in the GBM sample and 28 in the BAT sample for a
comparative analysis. In Fig. A.1 we illustrated the comparison
between FWHM,,;;, and FWHMg;,, showing how closely the two
methods agree across different GRBs. As we can see, for most
peaks, m < FWHM,,;, < 2 - FWHMg; more precisely,
90% of events are in the range 0.66 - FWHMg, < FWHM,;;, <
1.92 - FWHMg;.

We furthermore performed a linear fit of the form y = mx+gq,
applied to the logarithmic values, modelling the intrinsic dis-
persion oy, as a further parameter, adopting the D’Agostini
likelihood (D’ Agostini 2005). Optimising the parameters using
MCMC, we found m = 0.990*00! "4 = 005179916 "and oy =

Z0.004° 20017
0.071*0923 The uncertainty on log FWHM i, previously esti-

mated as oy, = 0.13 (i.e a 35% relative error on FWHM,,;,),
leads to a total uncertainty, accounting for the intrinsic disper-
o2 +0?

sion Oy, Of ooy = i o = 0.07 (41%). This implies

that the relative error made when using FWHM,,;, instead of
FWHMgy; is approximately 41%, as opposed to the 35% esti-
mated on synthetic LCs by Camisasca et al. (2023a). This com-
parison ensures the robustness of our MVT measurements by
validating them against an established LC fitting method.
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Fig. A.1. Plot presenting FWHM,,;, computed either by following the
method described in C23, or by directly fitting the narrowest pulse by a
Norris function (called here FWHMj,). Red (blue) points were obtained
using GBM (resp. BAT) data. The black line indicates the equality line
while the dashed lines show a factor 2 of discrepancy, illustrating that
most measurements fall within this range.

Appendix B: Comparison between BAT and GBM

We compared the results obtained by C23 with BAT data with
those obtained in this work with GBM data. The FWHM,;,
obtained with the GBM is in mean twice as small as those
obtained with the BAT. This was expected due to the dependance
of the MVT on the energy band. We also carried this analysis
restricting the GBM energy range to the Swift/BAT one (15-150
keV). The results show a dispersion around the equality line but
no general trend, indicating that our results are consistent with
the ones of C23. The results of these two analyses are shown in
Figure B.1.
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Fig. B.1. Left: FWHM,,;, computed by C23 with BAT data on 15-150 keV against the FWHM,;,, of the same bursts but computed in this work on
GBM data on the 8-1000 keV range. Right: Same but the GBM energy range is restricted to 15-150 keV to be the same as BAT.

Appendix C: FWHM,,;, compared with Bayesian
blocks

In this section, we compared our results with those obtained by
segmenting the LC using Bayesian blocks* (BBs, Scargle et al.
2013). We applied BBs, using a false alarm threshold of py =
1073 to a sample of 96 GRBs, chosen with FWHM,i, < 50
ms. This choice was made to obtain enough GRBs to make
a sound statistical analysis and to include bright GRBs with
evident sub-second structures with exquisite S/N. This sample
includes, for instance, GRBs as 211211A, 230307A, 190114C,
and others known for their rapid temporal variability and bright-
ness, making them ideal test cases. We computed the MVT using
BBs, defining it as the shortest block in the segmentation, ATgp.
Figure C.1 compares these values with those from the MEPSA-
based approach. The points scatter around the equality line with-
out a clear systematic bias in either direction. The distribution of
the ratio ATpg/FWHMy,i, is shown in Fig. C.2 with a median
of about 1.03—meaning that, on average, BBs yield MVT values
~ 3% larger than those obtained with MEPSA. The 90 % con-
fidence interval is [0.4-2.3], meaning that for most GRBs, the
discrepancy between the MVTs obtained using BBs and those
obtained using MEPSA is smaller than a factor of 2. We fur-
ther estimated that in roughly 60% cases, the temporal structures
identified by MEPSA and BBs coincide; in such cases the discrep-
ancies in MVT values arise only from different ways of estimat-
ing the width. BBs, which approximate the pulse as a rectangle,
tend to overestimate the width, whereas MEPSA uses a more real-
istic, though simplified, pulse shape.

4 We used the function bayesian_blocks from the astropy.stats python
library.
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Fig. C.1. Plot of FWHM,,;, versus the shortest segment of the BBs seg-
mentation, ATgg. Blue points represents the GRBs shown in Fig. 5.
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Fig. C.2. Distribution of the ratio ATz over FWHM,,;,. The solid black
line represents the case FWHM,,;, = ATgg, while the dashed one shows
the median value. The two red dashed lines enclose the 90 % confidence
interval [0.4-2.3].
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Appendix D: Dependence of FWHM,,;, on energy

We computed FWHM,,;, as a function of the geometric mean
of the energy range boundaries, for six different energy ranges:
8-30, 8-90, 30-90, 8-1000, 90-300, and 90-1000 keV. We car-
ried out this analysis on 286 bursts, each having a measured
FWHM,,;i;, with S/N > 7 across all six energy ranges. We found
that FWHM,,,i, o< E™* with @ean = 0.46 £ 0.19, with a standard
dispersion of o = 0.7, and @pegian = 0.26 £ 0.12. Results are
shown in Figure D.1. The results are consistent with those of
C23 that obtained @meqn = 0.45 £+ 0.08, @median = 0.54 +£0.07 and
those of Fenimore et al. (1989): a € [0.37;0.46].
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Fig. D.1. Plot showing FWHM,;, as a function of the geometric mean
of the energy range boundaries. The coloured dots are the FWHM,;,, of
286 bursts in four different energy ranges: 8-30, 8-90, 30-90, 8-1000,
90-300, and 90-1000 keV. The values on the x-axis are the geometric
means of the corresponding energy boundaries. Black dots with error
bars are the weighted averages of the FWHM,;;, for each energy range
and the black dashed line is the power-law that best fit the black points.
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ARTICLE INFO ABSTRACT

Keywords:

Gamma-ray bursts: individual
Gamma-ray bursts: general
Methods: statistical

Short gamma-ray bursts (SGRBs), occasionally followed by a long and spectrally soft extended emission, are
associated with compact object mergers (COMs). Yet, a few recent long GRBs (LGRBs) show compelling evidence
for a COM origin, in contrast with the massive-star core-collapse origin of most LGRBs. While possible COM
indicators were found, such as the minimum variability timescale (MVT), a detailed and unique characterisation
of their y-ray prompt emission that may help identify and explain their deceptively long profile is yet to be found.
Here we report the discovery of a set of distinctive properties that rule the temporal and spectral evolution of GRB
230307A, a LGRB with evidence for a COM origin. Specifically, the sequence of pulses that make up its profile is
characterised by an exponential evolution of (i) flux intensities, (ii) waiting times between adjacent pulses, (iii)
pulse durations, and (iv) spectral peak energy. Analogous patterns are observed in the prompt emission of other
long COM candidates. The observed evolution of gamma-ray pulses would imply that a relativistic jet is colliding
with more slowly expanding material. This contrasts with the standard internal shock model for typical LGRBs,
in which dissipation occurs at random locations within the jet itself. We tentatively propose a few simple toy
models that may explain these properties and are able to reproduce the overall time profile.

1. Introduction Although GRB duration was initially considered as an irrefutable
property revealing the progenitor’s nature, a number of baffling cases
have recently been discovered: the apparently short GRB 200826A (Ahu-

mada et al., 2021; Zhang et al., 2021; Rossi et al., 2022), which is instead

At least two kinds of progenitors of gamma-ray bursts (GRBs) are
known: (i) the core-collapse of some kind of massive stars (a collap-

sar; Woosley 1993; Paczyriski 1998; MacFadyen and Woosley 1999);
(ii) compact object mergers (COMs), in particular the coalescence of
two neutron stars (NS; Eichler et al. 1989; Paczynski 1991; Narayan et
al. 1992), or a NS with a black hole (BH). While the former class usu-
ally leads to a long (2 2 s) GRB, the latter typically results in a short and
hard GRB and, in the optical band, is expected to be associated with a
kilonova (KN), radiation powered by the radioactive decay of r-process
elements created in the aftermath of the merger (see Metzger 2020 for
a review).

* Corresponding author.
E-mail address: romain.maccary@edu.unife.it (R. Maccary).

https://doi.org/10.1016/j.jheap.2025.100456

associated with a core-collapse supernova (SN), or long GRBs (LGRBs)
GRB 060614 (Della Valle et al., 2006; Fynbo et al., 2006; Jin et al.,
2015), GRB 211211A (Rastinejad et al., 2022; Yang et al., 2022; Troja
et al., 2022; Xiao et al., 2022), GRB 191019A (Levan et al., 2023; Stratta
et al., 2025), for which a COM origin is strongly favoured. Furthermore,
a subclass of events emerged —known as short GRBs with extended
emission (SEE-GRBs)— which are characterised by an initial narrow,
hard spike followed by a longer, softer tail (Norris and Bonnell, 2006).
These events, possibly originating from mergers, further challenged the

Received 30 June 2025; Received in revised form 14 August 2025; Accepted 25 August 2025
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reliability of GRB duration as a robust classification criterion. To avoid
confusion, Zhang et al. (2009) referred to GRBs with a merger origin as
Type I GRBs, and to collapsars as Type II GRBs.

Recent GRB 230307A was thrust into the spotlight thanks to its
exceptional brightness along with its peculiar properties. On March
7, 2023, at 15:44:06.650 UTC, GRB 230307A triggered the Gravita-
tional wave high-energy Electromagnetic Counterpart All-sky Monitor
(GECAM; Li et al. 2020), which observed it without saturation effects
(Xiong et al., 2023). Despite its long duration (Ty, ~ 30 s), this burst
shows several pieces of evidence for a COM origin. Indeed, its locations
in the Amati (Amati et al., 2002; Amati, 2006) and Yonetoku planes
(Yonetoku et al., 2004) fall outside the 90% confidence predictions for
Type II GRBs (Svinkin et al., 2023), and a short minimum variability
timescale (MVT) of around 30 ms—typical of Type I GRBs—is observed
(Camisasca et al., 2023b). Moreover, the X-ray afterglow flux, rescaled
by the early y-ray emission fluence, is comparably faint to those of
other long Type I GRBs. Most importantly, the optical transient asso-
ciated with it and with a projected offset of 30 kpc from its host galaxy,
showed photometric and spectroscopic evidence for the presence of a
KN (Levan et al., 2024; Gillanders and Smartt, 2025), which tipped the
balance towards a COM origin.

GRB 230307A exhibits a well-structured y-ray light curve (LC), made
of three distinct episodes: a short initial soft spike, identified as a pre-
cursor (Dichiara et al., 2023), shortly followed by a long and hard main
emission preceding a softer extended emission, the main and the ex-
tended emission being separated by a dip-like feature. This three-phase
structure has been claimed to be shared by some similar long Type I
GRBs, possibly forming a sub-class of the Type I GRBs, referred to as
Type IL GRBs (e.g. Wang et al. 2025; Tan et al. 2025). GRB 230307A
shares many properties with GRB 211211A: both exploded at close dis-
tances (z = 0.076 for GRB 211211A and z = 0.065 for GRB 230307A),
have short MVTs of a few ten ms, and are clear outliers of the Amati
relation for Type II GRBs (Peng et al., 2024).

NS-NS and NS-BH mergers might struggle to produce GRBs as long as
GRB 230307A, owing to their short accretion timescale. A white dwarf
(WD) disrupted by a NS companion, producing a less compact remnant,
might be able to last long enough to explain the GRB duration. Wang
et al. (2024) argues that a WD-NS merger could lead to a magnetar
that could power a long GRB and a KN. The soft X-ray light curve mea-
sured by the Lobster Eye Imager for Astronomy (LEIA; Zhang et al. 2022)
presents a plateau followed by a steeper decay compatible with a mag-
netar spin-down model. Sun et al. (2025) shows that broad-band (soft X
to y-rays) observations of GRB 230307A revealed a distinct X-ray com-
ponent, possibly due to a newly born magnetar. A magnetar as a GRB
central engine would lead to a Poynting-flux dominated outflow, which
is confirmed by the non-detection of a thermal component, implying a
high magnetisation parameter (¢ > 7 at radius Ry = 10!0 ¢m) to sup-
press the expected photospheric emission (Du et al., 2024).

The emission mechanism powering GRB 230307A is uncertain.
Moradi et al. (2024) carried out a systematic spectral and temporal
analysis of Fermi/GBM and GECAM data and showed that the energy
flux and the peak energy temporal evolution in the late prompt emis-
sion are not fully compatible with the predictions of the internal shock
(IS) model (Rees and Meszaros, 1994; Kobayashi et al., 1997; Daigne
and Mochkovitch, 1998), although uncertainties in the micro-physics of
the shock region might be responsible for the observed discrepancies
(Bos$njak and Daigne, 2014). Yi et al. (2025a) shows that the long broad
pulse shaping the overall GRB 230307A time profile could be the result
of many superimposed narrow pulses produced by local magnetic recon-
nection events, as foreseen by the Internal-Collision-Induced Magnetic
Reconnection and Turbulence (ICMART; Zhang and Yan 2011) model.
Yi et al. (2025b) proposed a model in which a brief energy injection
from the central engine triggers turbulence in a small localised region.
Turbulence then propagates radially as the jet expands forward, moving
away from the central engine. This model predicts a single broad pulse
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that widens with decreasing energy ranges and progressively softens
throughout the burst.

A progressive increase of the pulse width over time is a natural out-
come of external shocks (ES). An intense debate emerged among the
GRB community in the late 90s as to whether the dissipation mecha-
nism into y-rays was due to internal or external shocks (Fenimore et al.,
1996; Dermer et al., 1999; Dermer, 2008). The absence of any timescale
evolution along the profile of GRB 990123 (Fenimore et al., 1999) and
of other long and multi-peaked GRBs tipped the balance towards ISs. In
this respect, the temporal evolution of GRB 230307A, as well as of other
similar events, might suggest a new distinctive hallmark of the elusive
class of LGRBs that are COM candidates.

In this work, we focus on the GECAM LC in the 30-6000 keV pass-
band: owing to the exquisite quality of the data, we could identify about
one hundred peaks, thus enabling a statistical analysis, which is usually
impossible for a single GRB. As a result, the prompt emission of GRB
230307A displays a set of distinctive properties, which suggest a differ-
ent origin from the canonical LGRBs associated with the core-collapse
of massive stars. Some of these properties are also observed in similar
long-duration COM candidates mentioned above, as revealed by a pre-
liminary analysis.

The identification and characterisation of this rare set of observed
properties, which appear to distinguish COM candidates from most long
GRBs, and particularly from collapsars, form the core of the present
work. As a secondary objective, we tentatively propose a few possible
toy models and interpretations that aim to account for these properties
in a self-consistent way, discussing the advantages and limitations of
each, without necessarily excluding alternative scenarios. Data analysis
is reported in Section 2, results are presented in Section 3 and discussed
in Section 4. Conclusions are drawn in Section 5. We adopted the cos-
mological parameter values from Planck Collaboration et al. (2020).

2. Data analysis

We obtained the GECAM background-subtracted LCs with 5 ms
bin time in the following energy passbands: 30-70, 70-100, 100-150,
150-200, 200-300, 300-500, 500-1000, 1000-6000 keV, respectively.
Background interpolation and subtraction were obtained as described in
Zhang et al. (2025). In each of these profiles, peaks were identified by
means of MEPSA, a flexible code that was specifically designed to iden-
tify peaks in GRB LCs across different timescales (Guidorzi, 2015). In
this present study, we used both MEPSA and a faster version of it, which
significantly reduces the computing time.'

Peaks were selected imposing a threshold of S/N > 5 on the signal-
to-noise ratio calculated by MEPSA. Each peak is automatically char-
acterised by the following pieces of information: peak time 7, and its
uncertainty, which corresponds to the MEPSA detection timescale 67,;
peak amplitude A and its uncertainty; estimate of the full width at half
maximum (FWHM) of the peak; S/N of the total net counts ascribed
to the peak. The FWHM is estimated from the combination of MEPSA
parameters as prescribed in eq. (A.3) of Camisasca et al. (2023a). We
studied the evolution with time of peak times, FWHM, and of the wait-
ing times (WT) At, defined as the time intervals between adjacent peaks.
We also examined the evolution of E,,, which is the peak of the v F, en-
ergy spectrum: its values were taken from Moradi et al. (2024).

Hereafter, we focus on the 100-150 keV band LC, which displays the
largest number of peaks (103).

3. Results and interpretations

The analysis of the 100-150 keV profile revealed the following prop-
erties:

1 Itis ~ 100 times faster than classical MEPSA at the cost of losing ~ 5% of all
the detected peaks. This is made possible by a sparser sampling of the rebinning
factors and related phases. See Maistrello et al. (in prep.) for details.
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Fig. 1. Properties of GRB 230307A. (a) LC in the 100-150 keV band with 5-ms
bin time. (b) same as (a), but in semi-logarithmic scale; (c) WTs of the peaks
detected with MEPSA as a function of time; (d) FWHMs of the same peaks of
(c) as a function of time; (e) time-resolved evolution of spectral peak energy.
In panel (b), the solid line represents the exponential fit of the peak rates of
the pulses. In panels (c), (d), and (e), solid lines show the exponential models
obtained within the corresponding temporal window, whereas the dashed line,
if present, shows the extrapolated fit to the time interval that was ignored by
the fitting procedure.

1. the overall envelope of the LC looks like a so-called FRED. In par-
ticular, from ¢ > 10 s the count rate decays exponentially, covering
two decades, as shown in panels (a) and (b) of Fig. 1. Similarly, the
peak rates of the pulses detected with MEPSA also evolve exponen-
tially with time. Their evolution is described by Eq. (1):

P()~ Pye /%, @

with Py = (1.64+0.12)x 10 cts s~' and 7, = 10.7£0.4 5. This model
is shown in panel (b) of Fig. 1 along with the LC.

2. WTs evolve exponentially with time, spanning two decades, from
~0.1 to ~ 10 s, during the first 50 seconds, as described by Eq. (2),

At~ Atgell/™r @)

with A7y =0.14 +0.02 s and 7,, ~ 15.8 s (panel (c) of Fig. 1).

3. The FWHM of the pulses detected by MEPSA also increases with
time: it could be either exponential or linear, spanning more than
one decade, from 0.1 s. If modelled with an exponential, this is
described by Eq. (3),

FWHM(t)  FWHM, ¢/ 3)

with FWHM = 0.12 + 0.01 s and 7 = 18.6 + 1.7 s. Panel (d) of
Fig. 1 shows the FWHM values as a function of time.

We also performed a linear fit FWHM = FWHM6 + at (see Fig. 2)
and obtained FWHM6 =0.05+0.01 s and a« =0.010 + 0.001, but
the result appears to be worse than the exponential model. We
fitted both linear and exponential models, y = mx + g, modelling
the dispersion as a further parameter, by adopting the D’Agos-
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Fig. 2. FWHM evolution over time. Solid (dashed) line represents the exponen-
tial (linear) model.

tini likelihood (D’Agostini, 2005). When we used y = FWHM,
the best-fit parameters are m = 0.012 + 0.002, g = 0.077+0026 ¢

—0.024
and o = 0.068J_rg'g%(7) s. Instead, when we use y = In(FWHM/s),
we find m = 0.054 + 0.008, g = —2.14 + 0.14, and o = 0.48*)05,

The corresponding goodness of the fit was evaluated as y2 =
> - ymodel,,-)z/alzolvl., where 61201,1' =02+ azyl. + mzaii, with o,
and o, ; being the measurement uncertainties of the generic i-th
point. We obtained y7 =134 and ;(gxp =99.6 (100 degrees of free-
dom).

4. The evolution of the peak energy, Ep, from ¢ > 10 s can also be
described as a negative exponential,

E,(1) =~ (1940 + 150 keV) e™/7E | 4)
with 7z = 16.2 + 0.9 s (see panel (e) of Fig. 1).

Equations (1)-(4) were fitted using a nonlinear least squares al-
gorithm (applied on the logarithmic quantities), accounting for y-axis
errors. Parameter uncertainties were estimated as the square root of the
covariance matrix diagonal.

3.1. A simple toy model

Typically, long and multi-peaked GRB LCs do not show any specific
evolution of WTs: moreover, this lack of systematic evolution repre-
sents one of the pillars of the IS model as opposed to the ES model
as a possible explanation of GRB prompt emission (Fenimore et al.,
1999). In this respect, the exponential evolution of WTs exhibited by
GRB 230307A is enough to make it stand out from the population of
long and multi-peaked GRBs. Hence, inspired by the unusual WT evolu-
tion, we conceived a toy model that can naturally account for it, along
with the other observed properties described in Section 3.

The sequence of peak times 7,; (i=1,..., N,), where N, is the total
number of peaks, can be described in terms of a stochastic point process:
each peak time marks the occurrence of an event. In this toy model, there
are initially N, elementary bunches of energy, which share the same
probability of “decaying” (=releasing their amount of energy within a
single shot that manifests itself as a pulse) as well as the same amount of
(bolometric) energy. They “decay” or release their energy independently
of one another. From these simple assumptions, which are the same that
rule the radioactive decay of a bunch of N, atoms of a given element,
the exponential distribution of the peak (or release) times {¢ pﬁ,-} follows
as a consequence. In particular, the mean number of energy bunches
still available at time ¢, N(¢), is simply given by:

N(@t) = Nye™'/7, 5)

where 7 is the mean lifetime of each bunch. This model predicts the
temporal evolution of the expected (or mean) WT, as

[January 29, 2026 at 15:00 — classicthesis]



A.10 PAPER IV: A SET OF DISTINCTIVE PROPERTIES RULING THE PROMPT EMISSION OF GRB 230307A AND OTl

R. Maccary, C. Guidorzi, M. Maistrello et al.

- L T
(At) T Ng e (6)
which accounts for the observed property modelled in Eq. (2).

The toy model aims to reproduce a surrogate version of the LC to be
compared with that of GRB 230307A. The key idea is that the LC is the
result of the superposition of elementary pulses, whose properties are
governed by a few assumptions, which are hereafter defined along with
the corresponding model parameters:

* N, peak times are sampled from an exponential distribution with
e-folding time 7, in agreement with Eq. (5);

+ pulse FWHMs are calculated assuming Eq. (3), where FWHM,, and
T are treated as free parameters;

« the counts of each pulse is constant and is parametrised by N;

« the peak rate P of a given pulse is calculated by dividing the counts
by the corresponding FWHM: this choice is corroborated by the fact
that 7, of Eq. (1) is not wildly different from 7y of Eq. (3). By do-
ing so, we are implicitly assuming that the peak rate decay and the
FWHM rise evolve on a common timescale, 7. This assumption
is not driven by any specific theoretical interpretation but rather
stems from the observation of the data and adopting Occam’s ra-
zor. To model the fact that the overall LC shows a finite rise time,
we added an extra term that accounts for the suppressed flux of
the initial pulses over a timescale described by the parameter z,,
which acts as the rise time. As a result, peak rates are calculated as
a function of the corresponding peak times 7, as

Ncls —t,/TF _ =/,

Fwan ¢ ¢ dmert- )
The corresponding additional free parameter is z,.

Concerning the pulse shape, with reference to the Norris et al.
(1996) model, the peakedness is fixed to v = 2, while the decay-
to-rise time ratio r to 3 for all pulses. Since the FWHM is calculated
for each pulse, rise and decay times are consequently computed as
t, = FWHM/((1 + r)(In2)"/V) ~ FWHM/3.33 and t, = rt,, respec-
tively.

P(1,) =

3.2. Physical model 1: multiple shells emitted with equal Lorentz factors

In the toy model of Section 3.1, the FWHM is assumed to evolve ex-
ponentially. Here, we adopted another FWHM evolution, derived from
shock kinematics. In this model, the central engine is working in the
same way as in Section 3.1, but, in addition, the train of shells emit-
ted by the central engine is colliding with a so-called target shell. The
target shell is expanding, so successive shocks occur at increasing radii.
The target shell could have been expelled some time before the train of
shells or right at the beginning of the merger. Alternatively to the tar-
get shell, the various shells might be refreshing the external blast wave,
as it was suggested in the refreshed shock scenario to explain long-lived
afterglows (Rees and Meszaros, 1998). The origin of the target shell is
further discussed in Section 4.

To be more quantitative, we let 7, ; be the emission time (lab frame)
of the i-th shell. All shells are emitted with the same velocity f = v/c,
whereas the target shell is moving with g, = v,/c < f. We let R, be the
initial radius of the target shell at t+ = 0, when the first shell is emit-
ted. We define To; the collision time (lab frame) of the i-th shell, which
takes place at radius R, ;. Since different collisions take place at differ-
ent radii, the WTs measured by the observer will appear shorter than the
corresponding WTs in the lab frame: to avoid confusion, the observed
collision times are denoted as tfibs) and are measured by the observer
since the arrival of the first pulse. The kinematic solution for these quan-
tities is

lej = P) Ijous + ( v —UUS ) fei N
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Rey = (55 ) (Ro+ 0,te). (10)

b

ﬂ - ﬁs

From Eq. (9) the observed WTs, Atiﬁ’?s), inherit the same exponential
temporal evolution of the lab-frame WTs, Az, ;. The duration of each
pulse is given by the angular timescale: because of the progressive ex-
pansion of the target shell, durations are predicted to increase linearly
with time,

R _ 1 (L
2eI2 ~ 2eI2 \f—f,

That the velocity of the target shell would change only negligibly
could be explained by its being more massive than the faster shells. If
both fast and target shells are relativistic, the term g/(f — f,) is ap-
proximately 2I™ 2 /(r/r 5)2 — 1). In particular, Egs. (9) and (11) would
become,

FWHM, = )(RO o1, an

(obs) 1

Y e — 12

[ 1_(1-'5/1")2 el a2
Ry/c+ pt,;

FWHM, =~ 0/42[}”’ (13)
(F/Fs) _l

Within this interpretation, from Eq. (11), FWHM is expected to grow
linearly with time, in possible agreement with observations. Hence, to
simulate the model, we replaced Eq. (3) with Eq. (11), and modified
Eq. (7) to take into account the linear evolution of the FWHM. Further-
more, the emission times 7,; are still generated from an exponential
distribution, but need to be transformed into the observed collision
times, using Eq. (9).

We initially assumed a non-relativistic target shell, f; < 1. This led to
an untenable physical solution, in particular because of the compactness
problem? (see Sect. 3.5). We consequently adopted I', instead of g, as
a more convenient parameter, implicitly assuming an ultra-relativistic
motion for the target shell.

3.3. Physical model 2: multiple shells emitted with gradually decreasing
Lorentz factors

This model is almost the same as the previous one described in Sec-
tion 3.2, except for one assumption: the Lorentz factors of the different
shells decrease with the emission times, so that later shells are slower.
In this model, the previous equations Egs. (8)-(11) are still valid, but
since the Lorentz factor is changing from one emitted shell to another,
I" has to be replaced by I'; =T'(#, ;). Prompted by the exponential evolu-
tion of FWHM and peak energy (Egs. (3) and (4)), we parametrised the
temporal evolution of I'(¢) as

[(t)=Tye™"/r. (14)

Instead of I of the model of Sect. 3.2, this scenario requires a couple of
new parameters, I' and zr, through which each I'; is calculated.

3.4. Genetic algorithm based parameter optimisation

We determined the free parameters of each model using a genetic
algorithm (GA; see Bazzanini et al. 2024; Maistrello et al. 2025 for simi-
lar usages). The loss function to be minimised by the GA consists of four
different contributions. Each term aims to ensure that the correspond-
ing property of the real LC of GRB 230307A is correctly reproduced by
the simulated LC. The four properties include:

1. similar envelopes (smoothed time profiles);

2 In this case, we obtained f; ~ 0.4, Ry =3 x 10'° cm, and I ~ 6.5, implying
sub-photospheric shocks between 5 x 10'° and 10'2 ¢cm, with pair-production
opacity z,, (computed in Sect. 3.5) remaining extremely high (from 10° initially
to 107) throughout the burst.
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Table 1
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Parameters of the three GRB emission models used to reproduce the temporal evolution

of GRB 230307A.

Parameter Toy Model ~ Physical Model 1 (Constant I")  Physical Model 2 (Declining I")
N, 8627, 12707510 894*2

7 [s] 10.9%01 10979 101704
FWHM, [s] ~ 0.05*)9! — —

75 [5] 14.0702 — —

o Is] 2501 20 347

N 1449*2 920*30 1431459
Torl, - 9478 33948

T, — 8.6%0) 26203

7 [s] — — 9639

R, [cm] — 9.143%8 % 1010 14704 x 101

2. compatible distributions of peak times;
3. comparable numbers of peaks detected with MEPSA;
4. compatible distributions of FWHM values.

A detailed description of the GA-based optimisation procedure is re-
ported in Appendix A.

3.4.1. Results for the toy model

The best model parameters that we have come up with for the toy
model of Sect. 3.1 are shown in Table 1. We converted the pulse counts
N to fluence N in erg cm~2. This was done by multiplying N by
the fluence-to-counts ratio R computed using the values of the time-
resolved spectral modelling of Moradi et al. (2024). For a constant
N, Np decreases with time; thus, we adopted an average value of
1.8 x 1077 erg em™2 in the 100-150 keV energy range. After apply-
ing the k-correction, the fluence of a single shot over the full energy
band (6-8000 keV) is 3.9 x 107° erg cm~2, which, placed at a distance
of 300 Mpc (z = 0.065), corresponds to an isotropic-equivalent energy
of ~4.1 x 10* erg. Given that the total time-integrated fluence is
4.8 x 1073 erg cm™2, the fluence of a single elementary pulse, multi-
plied by the number of pulses, roughly matches the total GRB fluence.
The central engine is emitting numerous energy bunches with an aver-
age energy of 4.1 x 10%° erg. Earlier bunches are more energetic, ranging
from 2.5 x 10°° all the way down to 1 x 10*® erg.

Noticeably, the intrinsic number of bunches of energy, N, which is
also the number of intrinsic peaks that make up the overall profile, is
about ten times higher than the number of MEPSA-detected peaks (1000
vs 100). This result suggests that the observed LC consists of a myriad
of short overlapping peaks, which blend together and appear as fewer,
broader peaks.

We generated a synthetic profile and compared it and its properties
with the corresponding real ones: Fig. 3 shows the overall LC in both
linear (a) and logarithmic scale (b). The temporal evolution of WTs and
of FWHMs of the peaks detected with MEPSA are displayed in panels (c)
and (d), respectively. All the temporal properties that are found in the
real data are faithfully reproduced by the synthetic profile. A possible
weakness of this model is that the broad dip observed at 20 s can hardly
be reproduced in its depth.

3.4.2. Results for the physical models

The results for the constant-I" scenario (Section 3.2) and for the
declining-I" factor scenario (Section 3.3) are shown in Table 1. Fig. 4
shows the corresponding results analogously to Fig. 3. In the last sce-
nario considered, the results show that I" decreases relatively slowly for
the model to reproduce the observed GRB time profile. Assuming a con-
stant fluid-comoving-frame peak energy—thus attributing all observed
peak energy variation to a decreasing I'—is ruled out. In fact, a decay
timescale of 7 ~ 100 s is not short enough to explain the drop seen
in Panel (e) of Fig. 1. The observed peak energy decline should be a
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Fig. 3. Panels (a) and (b) illustrate the temporal evolution of count rates, (a)
in linear and (b) in logarithmic scale. Panels (¢) and (d) show the temporal
evolution of the WTs and of the pulse FWHMs, respectively. Red points show real
data, while blue points are simulated according to the toy model of Section 3.1.

consequence of the decreasing shock energy density resulting from the
expansion of the emission radius.
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Fig. 4. Same as in Fig. 3, for the physical model with a wind of shells with constant I" described in Section 3.2 (left panel) and the one with declining I'’s described
in Section 3.3 (right panel). Real data are shown in red, while simulated data from constant and declining I" model are shown in cyan and yellow, respectively.

3.5. Testing the physical constraints: compactness problem, photosphere,
and internal shock radii

We verified that the compactness problem is not an issue for our
model. To this aim, we have computed the optical depth to pair produc-
tion

foor®D?

= 5 (15)
B R2m,c?

Ty =
with f), the fraction of photons making pairs, oy the Thomson scattering
cross section, ¢ the fluence, D; the luminosity distance, R, the emission
radius, m, the electron mass, and ¢ the speed of light (Piran, 2004). We
evaluated 7,, at early and late times, taking for R, the radius of the
first and last shocks, respectively. Given that the first pulses produced
by the model have a width of about 25 ms, from Eq. (11) the initial
shock radius is about 1.3 x 10'* ¢m and ,, ~ 19 X f,,, while for the last
wider pulses of about 1 s, the opacity drops to 7,, = 1.2X 1072x f, - The
high initial opacity may account for the early rise in the observed flux,
which in our model is modelled by the rise time z,. Consequently, the
rising phase could reflect the transition from an initially optically thick
to an optically thin regime as the emitting region expands.

We also computed the photospheric radius, Ry, to evaluate whether
any emission in our model could originate below the photosphere, which
would typically give rise to a thermal spectral component not observed
in the data

Loy

=T 16
ph 87rmpc3l"3 16

R
here L is the isotropic luminosity, m, the proton mass (Daigne and
Mochkovitch, 2002). Using L =7.6x 10°! erg s~! (Svinkin et al., 2023),
itis Ry, = 5.5%10'2 cm, which is lower than the radius of the first shocks
(1.3 % 10'3 cm). Hence, all shocks in our model occur above the photo-
sphere, consistent with the absence of a detectable thermal component
in the prompt emission spectrum.

Finally, we verified that internal shocks between two fast shells do
not occur before the collision with the target shell. While some variabil-
ity in the ejection velocities is expected and may lead to internal shocks
among the fast shells themselves, we computed the corresponding inter-
nal shock radius using

Rig =T2cAt, a7
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Fig. 5. GRB 211211A Fermi/GBM 8-1000 keV LC binned at 4 ms.

where At represents the time interval between the emission of two con-
secutive shells (Daigne and Mochkovitch, 1998). Assuming a typical
value of At =0.1 s for the early shells, we found R, g ~2.6 x 10'3 cm,
which lies beyond the radius of the first shock with the target shell.
Since the WTs increase more rapidly than the pulse widths, R;g contin-
ues to grow and remains larger than the radius of the shocks between
the fast and target shells. This confirms that the shell collisions between
the fast shells and the slow target shell always occur before any possible
internal shocks between fast shells.

3.6. Similar analysis of other known long COM candidates

We carried out a similar and preliminary analysis to other known
LGRBs that are COM candidates with enough peaks: GRB 211211A and
GRB 060614. Figs. 5 and 6 illustrate that these events exhibit similar
trends as those observed in GRB 2303074, suggesting that such prop-
erties might be characteristic of this subclass of GRBs. A more detailed
analysis of their temporal evolution is reported in Appendix B. To test
whether these properties can be taken as indicators of a COM origin,
we applied the same analysis to a LGRB with enough peaks and that is
associated with a Ic broad-lined supernova and for which, therefore, a
merger origin is excluded with confidence.

To this aim, the well-known naked-eye burst GRB 080319B (Racusin
et al., 2008) represents an ideal test-bed: the exceptional quality of its
Swift/BAT 15-150 keV spiky LC offers an excellent opportunity to detect
possible temporal trends in WTs and FWHMs. However, as shown in
Fig. 7, no such evolution of WTs or of FWHMs with time emerges, in
full agreement with an IS interpretation. We extended the same test to
the other known SN-associated GRBs having a LC with a suitable number
of detected peaks for the same analysis to be applied. To this aim, we
could identify six SN-GRBs, in addition to the extraordinary case of GRB
221009A: their analysis is reported in Appendix C. As a result, none of
them exhibits the systematic exponential evolution of WT and of FWHM
seen in GRB 230307A (see Fig. C.11). Further analysis involving a larger
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Fig. 6. GRB 060614 Swift/BAT 15-350 keV LC binned at 64 ms.

sample of GRBs is planned for future work, but the current examples
already suggest that such temporal characteristics can serve as valuable
indicators to identify long COM candidates from their prompt emission
profile.

4. Discussion

Contrary to the majority of multi-peaked LGRBs, GRB 230307A re-
markably displays a number of properties that evolve with time expo-
nentially. For other COM candidates, it was already found that both E,
and X-ray luminosity appear to decline exponentially with time (Gom-
pertz et al., 2023): in this respect, our findings reinforce the role of an
exponential evolution for the COM candidates and extend it to other
properties, such as peak times, durations, WTs, and peak rates of the
pulses that make up the GRB prompt emission.

The deterministic evolution of WTs and of FWHMs with time ob-
served in GRB 230307A directly clashes with the key idea of the IS
model, which was conceived at the time to explain the apparent lack
of evolution of timescales within a number of BATSE bursts (Fenimore
et al.,, 1999). Rather, the systematic increase of pulse durations with
time, as pointed by the FWHM evolution, agrees with the expectations
of a simple ES model: as the blast wave expands, the duration of pulses,
supposedly caused by interactions with the medium inhomogeneities,
increases with time (Fenimore et al., 1996; Dermer et al., 1999; Der-
mer, 2008).

4.1. Emission from multiple shells emitted by the central engine

Our model assumes that multiple shells (corresponding to the en-
ergy bunches described in Section 3.1) are emitted by the central engine
and are colliding with either a previously emitted, more massive target
shell that is expanding more slowly, or alternatively with the external
blast wave as it was suggested to explain long-lived afterglows in the
so-called refreshed shocks scenario (Rees and Meszaros, 1998). To ac-
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Fig. 7. Naked-eye burst GRB 080319B Swift/BAT 15-350 keV LC binned at 64
ms. Unlike COM candidates GRB 230307A, GRB 211211A, and GRB 060614,
this collapsar event does not show the same monotonic evolution of the various
observables.

count for the observed rapid variability and high-energy emission in the
gamma-ray band - rather than in the optical - the collisions must occur
at relatively small radii (~ 10'3 c¢m), as discussed in Section 3.5. If the
target shell corresponds to an external blast wave, the deceleration ra-
dius of the jet (or the radius at which a significant portion of jet begins
to decelerate) must lie within the collision radius. This would imply that
the merger occurred in an unusually high-density environment, and a
bright afterglow would be expected. However, a low circumburst den-
sity of approximately 10~>~10~* cm~3 is required to explain both the
non-detection of GeV emission and the multi-band afterglow data for
this event (Dai et al., 2024). Therefore, the refreshed shock scenario —
where the target shell is a blast wave - is disfavoured by these observa-
tions.

A plausible candidate for the slowly expanding target shell is the dy-
namical ejecta produced during the merger (e.g., neutron star-neutron
star merger). Tidal interactions and shocks experienced by the neutron
stars near the time of coalescence lead to the ejection of material on a
dynamical timescale (e.g. Dietrich and Ujevic 2017; Radice et al. 2018;
Shibata and Hotokezaka 2019; Rosswog et al. 2025). The tidal compo-
nent of the dynamical ejecta is launched first, predominantly along the
orbital plane, followed by a more isotropic, shock-driven ejecta compo-
nent. Although the bulk of the merger ejecta is sub-relativistic, material
along the rotational (jet) axis may be further accelerated by the lead-
ing edge or early-ejected component of the relativistic jet. Since the
first interaction likely occurs well inside the photosphere, the associated
shock radiation would be totally suppressed. Instead, the shock energy
is efficiently converted into the bulk kinetic energy of the target shell
(Kobayashi et al., 2002). Given the low baryon contamination along the
jet axis, a significant boost in velocity may be achievable.

Another, more ad hoc possibility relates to the nature of the central
engine. Since the jet acceleration process is still poorly understood, it
is possible that the engine initially ejects a slower, more massive shell,
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followed by faster, less massive ejecta. In our model, the initial radius of
the target shell is 9 x 10'? cm. Given its relativistic velocity, this suggests
that the massive, slow shell was expelled approximately 3 seconds prior
to the rest of the ejecta in this scenario.

The central engine may be powered by a black hole accretion disc,
into which fragmented material accretes independently. The accretion
of each fragment leads to the ejection of a shell, which subsequently
collides with the slower target shell at progressively larger radii. This
simple toy model predicts a sequence of pulses that can be described
as a piecewise Poisson process, whose shot rate gradually decreases
with time (for further details, see Guidorzi et al. 2015). This mecha-
nism explains the exponential distribution of the peak times as well as
the exponential evolution with time of their WTs expressed by Eq. (6).
In the so-called toy model, the FWHM evolution is phenomenological: to
match the observed trend, an exponential evolution seems at first sight
the best solution. However, the evolution of the FWHM could be directly
inferred from shock kinematics, using Eq. (11).

We considered possible evolutions of the Lorentz factor I' of the
various shells: (i) approximately constant (Sect. 3.2); (ii) gradually de-
creasing with time (Sect. 3.3). In scenario (i), the FWHM is increasing
linearly with time. Alternately to (i), scenario (ii) assumes a gradually
decreasing Lorentz factor: this naturally explains both the evolution of
FWHM, which can also be stronger than linear, as well as a decreas-
ing Doppler boosting. In scenario (ii), the pulses’ broadening and the
spectral softening share a common explanation. The decaying E, could
either indicate a gradually decreasing efficiency of the shocks in parti-
cle acceleration (i), or be due to a time decreasing Doppler boosting (ii).
Fig. 8 illustrates both possibilities. The dip observed in the light curve is
not neatly reproduced by our toy models. Yi et al. (2025a) interpreted
the dip as a gap between two fast mini-jet pulses, implying that GRB
230307A’s time profile consists solely of short pulses without a slow
variability component. Our model builds on the same assumption and
also produces dips, most of which are less pronounced than the observed
one, though. Alternative explanations include a temporary shutdown of
the central engine or absorption/geometrical blocking along the line of
sight. Given the rarity of this feature (possibly unique), stochasticity
cannot be ruled out as its cause.

An alternative scenario invokes a central engine emitting a single
shell, that is then expanding. In this scenario, the GRB emission could
be due to: (a) an external shock between the expanding shell and inho-
mogeneities (clumps) present in the circumburst medium (Fenimore et
al., 1996; Dermer et al., 1999; Dermer, 2008), or (b) magnetic recon-
nection events happening within the expanding shell, as proposed by Yi
et al. (2025b). In both cases, the late, soft, and broad emission could
be due to high-latitude photons arriving from large angles with respect
to the line of sight. A major drawback of (a) is that the rate of shocked
clumps, under the simple assumption of a spatially homogeneous dis-
tribution of clumps, should increase with time, whereas a decreasing
rate of pulses is observed. The only way out would be assuming that the
clumps are spatially clustered around the jet axis, which should roughly
coincide with the line of sight, — a rather contrived assumption.

In (b) the emission arises from magnetic reconnection within a single
expanding shell. A brief energy injection from the central engine trig-
gers turbulence near the jet axis, which then spreads across the shell,
producing delayed emission in expanding rings. This process leads to a
broad pulse and naturally explains the observed spectral softening and
the softer-wider/softer-later behaviour seen in GRBs like GRB 230307A.
Table 2 summarises the different theoretical interpretations of the tem-
poral and spectral properties observed in GRB 230307A.

5. Summary and conclusions

We discovered new features in the GRB 230307A time profile using
exquisite data from GECAM. In particular, the waiting times, peak rate,
pulse FWHM, and peak energy follow a characteristic exponential evo-
lution over time. We show that these properties are also present in other
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target
shell (t+dt)

target
target shell (t+dt)
shell (t)

Fig. 8. Sketch of the emission from multiple shells in the (i) constant Lorentz factor (Sect. 3.2) model (top panel) and in the (ii) decreasing Lorentz factor (Sect. 3.3)
model (bottom panel). Energy bunches emitted from the central engine collide with a slower target shell (shown in black) that was emitted earlier by the central
engine. In (i), all shells nearly have the same Lorentz factor, while in (ii) the later-emitted shells (in yellow or light orange) are slower and carry less energy than the
earlier ones (in deep orange and red). The first shocks correspond to the intense and narrow peaks observed in the early prompt emission of GRB 230307A, while
the later shocks are associated with the dim and broad pulses seen in the extended emission phase.

Table 2

Summary of the different theoretical interpretations of the observed temporal and spectral properties of GRB 230307A.

Observed properties Single shell model

Multiple shells model

Evolution of the peak rates

Evolution of the peak times/waiting times
Evolution of the FWHM

Evolution of the peak energy

FRED shape expected

constrained spatial distribution of the clumps
high latitude emission and increasing emission radius
high latitude emission and increasing emission radius

FRED envelope formed as a superposition of the shots
fading central engine activity

slower late emitted shells

slower late emitted shells

long GRBs, that are merger candidates, suggesting the existence of a new
subclass of long GRBs—so-called type IL—as proposed in the literature
(Wang et al., 2025; Tan et al., 2025). These would originate from com-
pact object mergers rather than from collapsars, as is typical for classical
long GRBs. We built a toy model that is able to accurately reproduce GRB
230307A light curve, which we optimised using a genetic algorithm. We
proposed different theoretical scenarios to explain the observed trends,
assuming either a central engine emitting multiple shells that collide
with previously ejected material, or a single shell that expands and dis-
sipates its energy progressively at larger radii. We also revisit the idea
that external/refreshed shocks could explain prompt emission variabil-
ity. While this scenario was previously disfavoured due to the apparent
lack of timescale evolution within a sample of BATSE bursts, we show
that the main criticisms that were historically used to support inter-
nal shocks as opposed to an external shocks interpretation of the GRB
prompt emission, do not apply to GRB 230307A, whose FWHM s clearly
increase over time.

In summary, while our toy and physical models are attempts to
account for the unprecedented observed phenomenology within self-
consistent pictures, alternative interpretations cannot be excluded in
principle. Yet the fact remains that GRB 230307A, along with other long
compact object mergers candidates, exhibits a set of properties that is
rarely seen in any other long GRBs, especially in GRBs with associated
SNe that are currently known. Such a potentially distinctive signature

of this class of GRBs may help their identification and challenges our
current understanding of how GRB central engines operate.

Identifying clear prompt y-ray signatures of events coming from
compact object mergers is particularly relevant in an era where new
space missions such as the Space-based multi-band astronomical Variable
Objects Monitor (SVOM; Atteia et al. 2022) and Einstein Probe (Yuan et
al., 2022) are capable of performing prompt X-ray and optical follow-up
of merger candidates, consequently enhancing the chances of coincident
gravitational wave detection.
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Loss function values from the genetic algorithm optimization for the three models.

Loss Component Toy Model Model 1 (Constant I') Model 2 (Declining I')
LNp (number of peaks) 0.091 0.370 0.181
Lyeu (peak times) 0.000 0.000 0.000
Ly (FWHM dist.) 1.160 0.047 0.012
L,yeq (smoothed profile) ~ 0.860 0.935 0.770
Total loss L 0.527 0.340 0.241

tot
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Appendix A. Optimisation of the model

To optimise our toy model, we employed a genetic algorithm (GA),
whose principle is described in Bazzanini et al. (2024). We are using
four losses to optimise the different models we considered:

* Aloss L, regarding the averaged time profile of GRB 230307A.
To compute L, , we applied a 5 s window moving averaged to
the simulated and observed time profile and have computed

i=Nping
— 2
Lavgd = Z <ysim,i - yubs,i) )

i=1

(A1)

where y;,,; and y,,; are the averaged observed and simulated
time, and Ny, is the number of bins of the 5 s binned time av-
eraged profile.

A loss L., regarding the peak times distribution. L, is com-
puted by performing a two-population Kolmogorov-Smirnov (KS)
test between the simulated and the observed peak time distribu-
tions. If p is the p-value of the KS test,

1 —log(p)
Lpeak = {0

Aloss L N, regarding the number of peaks produced by the model.

if p<0.05,

. (A.2)
otherwise.

LNP=3|10g(%)|. (A.3)

sim

The number of peaks in the observed and simulated profiles were
obtained by applying MEPSA to these light curves. We defined L N,
so to have L N, = 0 when N, = N, and growing when the ratio
deviates from 1, the absolute value is chosen to equally penalise the
solution with too few or too many simulated peaks. The factor 3 is
here to ensure that L N, weights equally as the other losses.

Aloss Lpywym regarding the FWHM distribution. The FWHMs of the
pulses contained in the simulated and observed profiles were com-
puted using MEPSA, and the method described in Camisasca et al.
(2023a). Lgwpy is computed by performing a two-population KS
test between the simulated and the observed FWHM distributions,
and computed similarly to L.
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Fig. A.9. Four losses involved in the GA optimisation. Panel (a): Moving aver-
age time profile (5 s window) for the real (red) and simulated (blue) LCs. Panel
(b): Distribution of p-values from the KS test comparing peak time distributions.
Panel (c): Same as (b), but for FWHM distributions. Panel (d): Number of peaks
detected in simulated LCs (blue histogram) compared with GRB 230307A (ver-
tical red line).

We finally took the average of the four losses described above to com-
pute the total loss L,. Each individual’s set of parameters was initially
sampled randomly from a uniform distribution in the logarithmic space
of each quantity, within the following ranges:

N, € [100,2000].
r€[5,25]s.

FWHM, € [0.01,0.5] s.
7 €[10,30] s.

Trie €[0.1 - 1007 s.
N €[500,2000].

In addition, for the two physical models, I', I, and I') were sampled
in 1-10%, Ry in 109 - 10'7 cm and 7 in 1 — 10° s. These ranges were
chosen to constrain the parameter space in a way that ensures coverage
and diversity among potential solutions. For each individual, the loss
was computed using 100 light curves generated from the same parame-
ter set. We ran the genetic algorithm on at least 60 generations, using a
population of 2000 individuals. From the total population, 300 individ-
uals were selected for mating in each generation. The probability for a
random mutation of the parameters was set to 10%.

A.1. Results of the toy models

The final optimised parameters are given by the median values of the
individual parameter distributions in the final generation. The uncer-
tainties are defined by the 16th and 84th quantiles of these distributions.
We generated 1000 light curves to test the best-fit parameters, reported
in Table 1, for the three models considered in this study and computed
the loss on these profiles. The values of the individual losses and the total
losses for the toy model (Sect. 3.1) and the physical model 1 (Sect. 3.2)
and 2 (Sect. 3.3) are reported in Table A.3.
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Table B.4

Results and comparison of exponential temporal evolution modelling of WTs, FWHMs,
and peak rates for GRB 211211A, GRB 230307A, and GRB 060614.

Property GRB 211211A GRB 230307A GRB 060614
09 7463 5 22 _ 195+291
T=22743 5 T=158"225 =125 s
Waiting times No= 136j3 No= 124t:f Ny= Gsf;l,)ﬁ
— 0.85+0.12 _ () 544007 _ 0.17
0 =08551 0=0.54%506 0 =066

12 =86.5 (dof = 86)

72 =100.1 (dof = 99)

2% =32.4 (dof = 32)

T =21.6%s T =18.607s T =740 s
FWHM FWHM, =0.09"02s ~ FWHM,;=0.12+0.02s  FWHM,=085"3s
0 =0.70*011 0=048"0% 0=0.90*074
1*=86.6(dof =87)  z*=99.9 (dof = 100) 2* =324 (dof = 33)
7,=188"05s 7,=109£0.6s 7,=514"10%s
Peak rate Py=65T7x10% cts/s  Py=156"074 x 10% cts/s Py =1.33%030 cts/s

= +0.06
0=032"0%

2% =56.1 (dof = 56) 7

= +0.05
0=022"0%

=48.7 (dof = 49)

- 0.10
o =039y

2%=133.5 (dof = 33)

Figs. A.9 and A.10 illustrate the outcome of the GA optimisation,
showing how the synthetic light curves reproduce the main temporal
features of GRB 2303074, including the overall smoothed time profile,
the distributions of peak times and FWHMs, and the total number of
detected peaks.

Appendix B. Analysis of other long merger candidates

As anticipated in Section 3.6, adopting the procedure of Section 3,
we analysed the temporal behaviour of other long merger candidates,
namely GRB 211211A and GRB 060614. Results are reported in Ta-
ble B.4.

Overall, we found that the exponential model provides an accurate
description of the data (see y2 values reported in Table B.4). In this re-
spect, GRB 211211A behaves very similarly to GRB 230307A, consistent
with previous claims (e.g. Peng et al. 2024). The WTs, the FWHMs, and
the peak rates evolve with time as exponentials with timescales close
to 20 s. In the case of GRB 060614, the different timescales are longer
than in the case of GRBs 211211A/230307A, and are less tightly con-
strained. In this case, both WT and FWHM increase, and the PR decay
does not seem to share a common timescale; although, given the pa-
rameters’ uncertainties, we cannot exclude the possibility that they are
equal.

11

Appendix C. Analysis of SN-GRBs

We investigated whether some Type-1I GRBs could display behaviour
similar to GRB 230307A by focusing on bursts associated with Type
Ic-BL supernovae, a clear indicator of a collapsar origin. Table C.5 re-
ports a list of known SN-GRB associations, along with the corresponding
number of detected peaks. We searched for SN-GRBs with sufficiently
complex light curves (N, > 10), as detected by MEPSA using either
Swift/BAT or Fermi/GBM data (same dataset as Guidorzi et al. 2024).
Only six GRBs met this criterion, namely GRB 080319B, GRB 111228A,
GRB 130427A, GRB 171010A, GRB 211023A, and GRB 190114C (in ad-
dition to the exceptional GRB 221009A, which is analysed separately).
The LCs of these bursts, the corresponding WT and pulse FWHM evo-
lution are displayed in Fig. C.11. None of these GRBs exhibits a similar
joint temporal evolution of the observables to that of GRB 230307A.

The case of GRB 221009A was also considered. Its exceptional bright-
ness makes it hard to obtain a complete time profile, unaffected by
strong dead time and electronics saturation effects. We carried out a
detailed analysis using both HXMT/HE and GECAM data (Zhang et al.,
2025). HXMT/HE data cover T, — 141 to Tj, + 1800 s, with three sat-
uration intervals (187-194 s, 216-290 s, 500-535 s). Data are binned
at 1 s, and background estimated via 8th-order polynomial interpola-
tion. GECAM data (180-550 s) cover the main and the last emission
episodes, are unaffected by saturation and binned at 50 ms. MEPSA was
applied to both data sets, excluding the HXMT/HE saturated intervals.
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Fig. C.11. Five SN-GRBs having N, > 10. Each top panel shows the y-ray time profile (obtained with either Fermi/GBM or Swift/BAT). Black points represent the
peaks detected by MEPSA. Middle and bottom panels respectively show the temporal evolution of WT and of FWHM throughout each burst. For GRB 130427A, two

insets show a close-in view of the densely populated interval.

The combined HXMT/HE and GECAM light curves, along with the de-
rived WTs, are shown in Fig. C.12. The complex profile consists of two
long quiescent times: one between the precursor and the main emission,
and the other between the main and late emission, separated by closely
spaced pulses during each outburst. WTs in the main and late emission
episodes were derived from GECAM data. Apart from noting that the
WTs belonging to the late emission are somehow longer than those of
the main episode, the overall evolution of WTs with time is very differ-
ent from the monotonic WT rise seen in GRB 230307A.

Data availability
Data will be made available on request.
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Fig. C.12. Top panel: Background-subtracted LCs of GRB 221009A from HXMT/HE (blue, 1 s binning) and GECAM (green, 50 ms binning). Red shaded areas mark
intervals were HXMT/HE is affected by saturation. Peaks detected by MEPSA are shown as black markers. The two long quiescent intervals between the precursor and
main emission (186 s) and between the main and late emission (110 s) are indicated. Bottom panel: WTs derived from MEPSA detections in HXMT/HE and GECAM
data as a function of time. WTs inside HXMT/HE saturated intervals are computed from GECAM measurements.
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