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Abstract

Since their discovery, there has been notable advancement in our ability to identify,
observe, and comprehend the physics behind gamma-ray bursts (GRBs). The
introduction of new detectors and both space-based and ground-based telescopes
has greatly improved our ability to detect and collect more detailed data on
GRBs: missions such as the Compton Gamma-Ray Observatory, BeppoSAX, the
Neil Gehrels Swift Observatory, and the Fermi Gamma-ray Space Telescope have
significantly contributed to GRB observations. Multi-messenger observations,
including radio, infrared, optical, all the way up to GeV and TeV, along with
gravitational waves measurements, provide us with an increasingly more compre-
hensive understanding of GRBs. This has led to a deeper insight into their physics
and origins, such as the understanding of a close connection between short GRBs,
kilonovae, and compact object mergers. Moreover, studies of the polarization of
GRB radiation are providing valuable insights into the geometry and nature of the
physical processes involved: polarization can help reveal details about the source
and emission region. However, there are still many open questions: i.e., how can
we improve our detection capabilities for both GRBs and kilonovae? Can the study
of the prompt emission, so potentially rich in information as it is emitted in close
proximity to the source and linked to the composition of the outflow, provide us
with information about the nature of the progenitor?

In my Ph.D. research, I focused my activity on optimizing the identification
of GRBs with THESEUS satellite, on the comprehension of GRBs imprint of the
inner engine activity and jet properties from the study of the minimum variabil-
ity timescale (MVT), and on finding the most suitable strategies for kilonovae
observation with medium-size telescope:

1) THESEUS (Transient High Energy Sky and Early Universe Surveyor) is a
proposed space mission devoted to the study of GRBs; it is one of the three
mission concepts selected by ESA for a Phase-A study as M7 candidates.
My aim was to test the efficiency of different algorithms, in particular MEPSA
(Guidorzi, |2015), that could be implemented aboard of THESEUS in detecting
GRB events. To this goal, I carried out GRB light curve simulations assuming
a grid of parameter values (peak energy, fluence, directions; see Chapter [2)).

2) GRBs light curves often exhibit fluctuations or variations in their intensity
over different timescales. The MV'T is the smallest time interval at which
these fluctuations, which must significantly exceed the Poisson counting noise,
can be reliably measured and quantified. MVT can offer clues about the
central engine responsible for generating these bursts: we can infer the physical
mechanisms and the size of the region where the energy release occurs. Also,
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it is linked to the physical conditions and processes within the GRB’s emission
region. My aim was to characterize the MVT for a sample of GRBs in the
keV-MeV energy range and test correlations with other key observables, such
as the peak luminosity, the Lorentz factor, and the jet opening angle.

In my work I considered Swift GRBs (from 2005 to July 2022) and Insight
Hard Modulation X-ray Telescope (Insight-HXMT) GRBs (from June 2017 to
July 2021) (Chapter |3)).

During my academic path, I had the opportunity to collaborate closely with
the staff of the Astrophysics Research Institute of the John Moores University
of Liverpool, where I focused my study on the performance optimization of the
Liverpool Telescope with 10:O (an optical camera) and MOPTOP (Multicolor
Optimized Optical Polarimeter) instruments. My research aimed to enhance
their observational capabilities in studying kilonovae (KNe). I made extensive
use of simulated multifilter lightcurves of KNe obtained with the POlarization
Spectral Synthesis In Supernovae (POSSIS; Bulla, 2019) code. By adding
the appropriate photon counting noise to the synthetic light curves, I studied
which temporal observation sequences and filters could provide better results
for constraining the properties of kilonovae. A similar work is being developed
with polarization curves as seen by MOPTOP and the Liverpool Telescope
(Chapter {)).



Introduction

Gamma-ray bursts (GRBs) are flares of gamma rays that can endure from a frac-
tion of a second (short GRBs, S-GRBs) to several minutes (long GRBs, L-GRBs).
Remarkably, GRBs are really energetic sources, the most powerful explosions in the
Universe: they briefly outshine all other objects in the sky and emit as much energy
in a few seconds as the Sun in its entire lifetimeﬂ This property allows to explore the
early Universe (up to when it was only a few hundred million years old). Long GRB
are related to the collapse of some kind of massive stars (it is supposed they have a
high-speed rotating core, for example). It means that long GRBs are formed only
from an exclusive type of star, so their study enables unique constraints on stellar
evolution. Short GRBs are instead the result of a merger of two compact objects
(either two neutron stars or a neutron star and a black hole) and also provide essen-
tial constraints on the evolution of binary stars, as well as being powerful sources of
gravitational waves. The GRB itself (long or short) is created by the ultrarelativistic
motion of material and its interaction with both itself and the ambient medium.

The proton acceleration in the GRB jets should produce a shower of neutrinos,
which should reach Earth without deviation due to their neutral charge. However,
while large neutrino detectors, such as IceCube, have now reached the necessary
sensitivity to observe GRB neutrinos, none has yet been found (Abbasi et al.[2022).
These properties suggest that GRBs provide direct information across a broad range
of astronomical disciplines: cosmology, stellar and binary evolution, the interstel-
lar and intergalactic medium, relativistic astrophysics; GRBs can also be studied
through a multimessenger approach. The connections they provide across so differ-
ent fields make them so interesting and challenging.

The subject therefore lends itself well to being treated both at a popular level,
due to the fascinating challenges it hides and the deep effects on the knowledge of
the universe, and at a didactic level, touching on topics typical of the last year of
[talian upper secondary school (study of function, relativity, black body spectra,

..). I therefore decided to set up the first part of the work (Chapters [1)) with a
flavour and a succession of topics that can be reused in the case of a didactic path
at a secondary school, or for the creation of a popular science book, always starting
from observations, images, graphs, plots, the real data. However, the discussion
does not exactly coincide with what can be achieved at school or in a popular book,
in order to maintain the appropriate level for a doctoral thesis presentation.

The heart of the work are Chapters and [4; alongside simulations aimed
at testing the efficiency of different algorithms in detecting GRBs with THESEUS
satellite and simulations of kilonovae light curves to improve the performances of

LObservations of the brightest-of-all-time GRB 221009A revealed an isotropic-equivalent energy
Ejs, of ~ 1.5 x 10°° erg, which is about eight times of the total rest-mass energy of the Sun (An|
et al.[[2023]).



the Liverpool telescope, I analyzed the minimum variability timescale of thousands
of GRBs and tested the correlations with other key observables, such as the peak
luminosity, the Lorentz factor, and the jet opening angle.
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Chapter 1

GRB main properties and key
aspects

Over the past 50 years since their discovery was published (Klebesadel et al., [1973)),
Gamma-Ray Bursts (GRBs) have evolved from a serendipitous finding to a capti-
vating tool for exploring the universe. This initial chapter, while not exhaustive,
aims to present some observational data derived from GRB studies. The goal is to
elucidate how these data have led to hypotheses regarding the nature of their central
engine, the properties of the jet, and the apparent subdivision of GRBs in two fami-
lies (long and short). In the opening sections we wrote in italics the key observations
that provide readers with the essential concepts to facilitate their understanding of
the subsequent analysis.

1.1 GRBs first discovery

The history of the discovery of GRBs
is intertwined with one of the most
dramatic periods of the 20th century:
the Cold War. In the early 1960s,
as efforts were made to contain nu-
clear rearmament, both Russians and
Americans signed an initial treaty to
limit unconventional weapons testing.
The agreement, known as the Treaty
Banning Nuclear Weapon Tests In The
Atmosphere, In Outer Space And Under
Water, prohibited nuclear explosions
in the atmosphere, outer space, and
beneath the oceans. However, it was
a partial treaty that did not prevent Figure 1.1: One of the eight Vela satellites
testing underground. Just three days during its construction.

after the treaty was signed, the USA

launched the first two Vela satellites into orbit. These satellites, named from the
Spanish word wvelar, meaning to watch, were designed to detect nuclear explosions
in space: the Americans feared that the Russians might be capable of reaching the
moon and detonating atomic bombs on its far side. In such a scenario, in addition
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ABSTRACT
Sixteen short bursts of photons in the energy range 0.2-1.5 MeV have been observed between
1969 July and 1972 July using widely separated spacecraft. Burst durations ranged from less than
0.1 s to ~30 s, and time-integrated flux densities from ~10—5 ergs cm—2 to ~2 X 10—% ergs
cm—2 in the energy range given. Significant time structure within bursts was observed. Directional
information eliminates the Earth and Sun as sources.

Figure 1.2: Title and abstract from the first article about GRBs (Klebesadel et al.,
1973)

to X-rays emitted directly from the nuclear explosion, the radioactive decay of
lunar dust was expected to produce gamma rays.

From 1963 to 1967, four pairs of Vela satellites were launched, with the last
pair capable of identifying nuclear explosions in the atmosphere (Fig. . On July
2, 1967, Vela 3 and Vela 4 recorded a brief but intense emission in gamma rays —a
rapid burst, a flash. By recording the arrival time of photons, it was immediately
possible to indicate the direction of the gamma-ray bursts. The measurements
were rough but sufficient to exclude that the gamma-ray burst had originated from
Earth, the Moon, or the Solar System. The news was kept secret until 1973, when
the number of observed gamma-ray bursts was about a dozen, and the discovery
of gamma-ray bursts (GRBs) was finally made public (Klebesadel et al., (1973, see

Fig. |1.1)).

1.2 Duration and temporal profile

A GRB is a burst of gamma rays that can last from a fraction of a second up to
several minutes. Quantitatively, the duration of a burst is defined by the so-called
Tyo: the time interval between the instants when 5% and 95% of the total fluence
is registered by the detector. Ty is used to limit the uncertainty on the entire
duration, as the start and the end of a GRB cannot be determined precisely due to
the background fluctuations. For a given GRB, Ty, depends on the energy band
and sensitivity of the detector. Figure [1.3| shows the Ty distribution as observed
by BATSE: it includes at least two log-normal components with a separation line
around 2 seconds in the observer frame in the BATSE energy band (25 - 350 keV)
(Kouveliotou et al. 2013): a long-duration class (L-GRBs) with Ty > 2s and
distribution peaking at 20-30 s, and a short-duration one (S-GRBs) with Tyy < 2s
peaking at 0.2-0.3 s. It was also suggested that the Ty distribution may include
a third, intermediate-duration group and that the dividing value between the two
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Figure 1.3: left panel: duration distribution of short-long GRBs as observed by
BATSE (Kouveliotou et al.|[1993); right panel: distribution of BATSE GRBs on the
sky, color coded by the measured fluence of the burst ( Briggs et al|/1996).

populations depends on the detector in use (e.g. Horvath et al|2010, Bromberg

2013).

Sometimes the event is a single burst, usually described as a fast rise expo-
nential decay (FRED) (Norris et al.||[1996):

A (5" 4 g,

N(t) = (1.1)

[t—tol

Ae-(5) t>t

where N(t) is the number of counts/s detected, tq is the peak time, A the peak
rate, 7., 74 are the rise (¢ < ty) and decay (t > t;) time constants, respectively, p
is a measure of peak sharpness. More often, GRBs show different rises and decays
and there are quiescent episodes during a burst. The distribution of the separation
times between pulses seems to satisfy a lognormal distribution (e.g. |McBreen et al.|
11994) Nakar et al.|[2002), even if it is not possible to reject an exponential case, so
a memoryless process (Guidorzi et al|2015| Baldeschi and Guidorzi [2015).

The duration of a single peak can be so short to last few milliseconds. This
places stringent limits on the size of the GRB source, since signal crossing
the region cannot travel faster than light: for a duration AT of 1 ms, for ex-
ample, we can find cAT = 300km. We will focus on this subject in the next Chapter.

Moreover, lightcurves (LCs) vary with energy band:

a. in the keV - MeV regime, for many L-GRBs, we can observe that pulses with
a lower energy systematically lagged behind those with a high energy (Norris
et al.[2005); S-GRBs do not show significant spectral lags (Norris and Bonnell

2006)).

b. pulses tend to be narrower in harder bands, and the width w of individual
pulses can be described as a function of energy F: w(E) o« E~* with av ~ 0.35-
0.45 (Fenimore et al.|[1995, Norris et al.|1996, [2005).
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Figure 1.4: Integral distribution of GRB fluence in 10-1000 keV energy ranges form
FERMI GBM gamma-ray burst catalog. Distributions are shown for the total sam-
ple (solid), short GRBs (dots) and long GRBs (dash-dotted), using Tyy = 2 s as the
distinguishing criterion. In each plot a power law with a slope of —3/2 (dashed) is
drawn to guide the eye.

Tyo distribution shown in Fig. [1.3] left panel, regards a time measurement defined in
the observer frame, not in the rest frame of the burst, where it should last Ty /(14 2).
Actually, there are two main effects that contribute to mask the impact of cosmic
dilation: (i) for a given observer energy passband, further GRBs are observed in a
rest-frame harder band, which implies narrower temporal structures, according to
the narrowing of pulses with energy, as described in the previous paragraph; (ii) the
signal-to-noise ratio (hereafter, S/N) of a LC decreases with increasing z, so only the
brightest portion of the LC can be detected (Kocevski and Petrosian 2013). This
means that Fig. left panel distribution can be mostly considered as a rest frame
one.

1.3 Isotropic distribution

The right panel of Figure [1.3 shows the isotropic distribution as found with BATSE
(Briggs et al., [1996)). This distribution can be understood assuming a GRB cos-
mological origin, or supposing bursts located at short distances, a few hundred pc,
within the thin disk of the Milky Way. If the visibility horizon was of this scale, then
we would view an isotropic distribution. GRBs could have a Galactic origin also if
we think that neutron stars can receive a natal kick that could move them into a
corona around the Galaxy (Levan, 2018). The solution to the debate about Galac-
tic/cosmological origin had an initial direction to a cosmolgical answer through the
study of the integral distribution of GRB fluence, and was finally solved through
redshift measurements. In an FEuclidean and homogeneous universe, in fact, we ex-
pect a number N of GRB with fixed energy F having a fluence higher than a specific
value ¢, proportional to the corresponding accessible volume:

N(>¢)x Vo D?* xx ¢p~%/? (1.2)

where D is the maximum distance beyond which GRBs with E have a fluence ¢
lower than the instrumental sensitivity. In Equation ((1.2) we used the scaling of
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fluence E with distance, ¢ o« D72 (¢ = E/4wD?). The resulting scaling of N(> ¢)
with ¢ is the same for all values of E, so integrating over all possible values of F,
the —3/2 scaling at large values of ¢ does not change.

Instead we observe, for low fluence values (populated also by high-z GRBs), a
deviation of N(> ¢) from ¢~3/? is observed (Fig. , von Kienlin et al.[[2014]). A
cosmological population can account for this:

- photons in the GRB rest frame are harder than in observer frame, especially
at high z; harder photons are fewer because of the declining photon spectrum
of GRBs with energy;

- the number of photons in a fixed time interval decreases with distance due to
the cosmic dilation, so the triggering logic cannot be as effective as for nearby
sources;

- also the observed GRB rate decreases with cosmic dilation: in fact, the same
given number of GRBs is observed within a time interval stretched by a factor
(1+2).

The solution of the mystery about the GRB origin started with the discovery by
[talian-Dutch satellite BeppoSAX (Boella et al.|1997)) of the X-ray and optical coun-
terpart of the GRB event occurred on 28th February 1997 (GRB970228). A long
burst was detected by the gamma ray detectors. At the same time, one of the
two X-ray Wide Field Cameras on board of BeppoSAX showed a counting excess
and allowed a burst localisation with an error radius of ~ 10arcmin. The loca-
tion was followed up by narrow-field instruments onboard BeppoSAX (Costa et al.,
1997, Frontera, 2019), and from the William Herschel Telescope on La Palma (van
Paradijs et al., (1997). Both X-ray and optical observations were revisited several
days later and revealed a fading source: it was the first detection of a GRB afterglow
(see Fig. . This afterglow allowed to pinpoint the source, detect the host galaxy
and, after 4 years, it was also possible to measure GRB 970228 redshift (z = 0.695,
Bloom et al., [2001). Other redshifts were already obtained by the time the redshift
of GRB 970228 was found: this allowed to establish that GRBs are huge explosions
wn galaxies at cosmological distances.

1.4 Released energy

It is common practice to use the quantity Fj;s, to measure the gamma-ray released
energy of GRBs: it is the energy that a burst would have emitted assuming isotropy.

It is calculated as: ,
4md

Eiso = —L; 1.3

P 1+~ ( )

where ¢, is the measured fluence (which depends from the energy range), dy, is the
luminosity distance to the burst and z is the redshift. The factor (1 + z) is due
to the fact that to have fluence we are time integrating on the flux in the observer
frame: dividing by (1 + z) correctly places it back in the emitting frame, along with
the fact that the definition of luminosity distance refers to luminosity, so energy per
unit time.
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Figure 1.5: BeppoSAX images of the discovery of the X-ray afterglow: the first
and second Target of Opportunity observations (TOO1 and TOO2, respectively).
White corresponds to 31 counts per pixel?, green to 6 counts per pixel? and grey
to a background of 0-1 counts per pixel?. Taking into account the correction for
the number of telescopes (one in TOO1 and three in TOO2) and the vignetting in
TOO1 due to off-axis pointing, the source faded by a factor of 20 in three days.
The probability that the source detected during the second pointing is coincident
by chance with the position of the first is of the order of 1-1073

At the typical redshift of GRBs, we have 10°? < Ej,,/erg < 10%. These en-
ergies are extreme: with an efficiency factor of € ~ 0.1, they are equivalent of
m = Ejs/ec®> ~ M. This is extremely challenging for any models. The solution
lies in the beamed nature of GRBs: because of the beaming, GRBs illuminate only
a small part of the sky; if ; is the half opening angle of the jet in radians, the true
energy is then, approximately, Ei, = %?Eiso. The impact of %2 factor is significant,
since ~ 5° jets imply, for example, a change in the total energy by a factor of 250.

1.5 Energy spectra

GRB spectra are characterised by a non thermal shape, that can be fit with a
smoothly-joined broken power law known as the “Band-function”:

E

N(E) — A(qo0rer) " € %o, E < (a—B)E 4
(B) = 4 [e0m]™ e (2 V" B> (0 aE (1.4
100keV " (Tooter) - > (a—B)Ey ,

where A is a constant, N(F)dE is the number of photons with energy between E
and F + dE, a and 8 (both negative) are the photon spectral indices below and
above the break energy Ey. The flux density spectrum (F,) usually used in low-
energy (optical, IR, and radio) astronomy corresponds to EN(E), also known as
energy spectrum, and the spectral energy distribution corresponds to E?N(FE) or
vF,. The peak of the E2N(E) spectrum is called “peak energy”, denoted E,, given

6
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Figure 1.6: The spectral-duration distribution of GRBs, as seen by BATSE; it shows
the bimodal GRB distribution in terms of Ty, and spectral hardness, evaluated
through the peak energy. Histograms show the number of events in appropriate
duration and energy bin. Two different distributions can be distinguished, even if
there is a significant overlap between them. Figure from Bloom) 2011l

by E, = (2 + «a)E,. Typical values are —1.5 < o < —0.5 and —2.5 < § < —2 (e.g.
PPreece et al.|2000,(Zhang| 2011}, Nava et al.|2013); typical peak energies E, range
between several keV and a few MeV (e.g. Bosnjak et al[[2014). In a time-resolved
analysis, these parameters evolve during the burst.

1.6 Spectral-duration distribution

There is an interesting relation between a GRB hardness and its duration. The
hardness is usually defined as a ratio between the total counts in 2 energy ranges;
you can also study spectral GRBs properties through the peak energy FE, in E*N(E)
spectrum (Bloom)|, [2011)). In Fig.[1.6]it is quiet clear the evidence of a bimodal distri-

bution in the observer-frame Ty, /hardness ratio space, where the spectral hardness
is evaluated through the peak energy FE, in E*N(E) spectrum ; it
show a rough separation between S-GRBs) and L-GRBs. L-GRBs tend to have a
softer spectrum than S-GRBs.
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Figure 1.7: Light curves in different optical bands of GRB 990510. Note that the
same curve fits the light curve at different frequencies: the break appears achromatic.
Figure from |Ghisellini, 2001

1.7 Achromatic (jet) break

On 10th May 1999, one of the two Wide Field Cameras (WFCs) aboard BeppoSAX
detected and localised the prompt X-ray emission of GRB 990510, whose y-ray was
simultaneously detected by the Gamma—-Ray Burst Monitor (GRBM) aboard the
same spacecraft.

Extensive follow-up observations were conducted across various wavelengths,
which led to the discovery of the X-ray and optical afterglow. During the anal-
ysis of the multi-wavelength light curves, it was observed a simultaneous break in
the light curves across different wavelengths, the so called ”achromatic jet break”
(Harrison et all) |[1999). The achromatic jet break in GRB990510 (see Fig. sug-
gests that a common physical process was responsible for the observed change in the
emission across all observed wavelengths. An interpretation of this feature, linked
with the presence of jet in GRB, is presented in Section [1.10]
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1.8 Fireball Shock model

In the previous chapter we described some characteristics emerging from GRB ob-
servations that need to be explained by any theoretical model:

a. burst energies are extremely challenging, and are emitted by a really compact

region (see Section and Section [1.4));
b. GRBs show a non thermal spectra (Section [L.5);

c. GRBs have a cosmological origin (Section ;

d. GRBs light curves show erratic time variability involving a range of timescales
from ~ 10 ms to several seconds (Section [L.2));

e. GRBs light curves show an achromatic break (Section [1.7);
f. there exist (at least) two different GRBs families (Section [1.2]and Section [L.G).

These features led to the development of the fireball shock model (e.g., |Rees and
Meszaros|1994)): a plasma that adiabatically would expand and cool, as it converts its
internal into bulk kinetic energy. High energy density and a non-thermal spectrum
can be understood assuming a relativistic expansion from the source: this reduces the
photon energy in the frame by a factor of '™, decreasing the probability of photons
producing e* pairs, and thus justifying the presence of a non-thermal spectrum. The
relativistic expansion brings to a new determination of the size of the emitting region,
as it will be explained in Section [1.9] Driving such a powerful outflow is possible if
the initial explosion energy is very high and the outflow has a small baryon load.
Since GRB light curves show significant variability, the source should radiate not
with constant, but with variable rate. To this aim, we can imagine the Lorentz
factor of material emitted at different times during the explosion to vary as well. In
this way the ejecta emitted at different times will interact. These shocks can create
~ rays, the so called "prompt emission”. The interaction of the relativistic flow
with the surrounding medium is responsible for the much longer-lived emission, the
so called ”afterglow”. Light curves achromatic break can be explained supposing
a collimated expanding plasma (see Section . Finally, since Ty, distribution
includes at least two log-normal components, we can suppose to have (at least) two
different kind of progenitor, as it will be explained in[I.12] See Fig. [I.§for a fireball

model schematic view.
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Bursting Out

Formation of a gamma-ray burst could begin
either with the merger of two neutron stars or
:—. with the collapse of 2 massive star. Both these
events create a black holewith a disk of material X-rays,
Neutron stars around it. The hole-disk system, In turn, pumps visible

| & out a Jet of material at close to the speed of fight. ' light,
Shock waves within this material give off radiation. DSyt oz
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Figure 1.8: Visualization of the fireball model (Gehrels et al. 2004). A merger
of compact objects or the explosion of a massive star can give rise to the central
engine of a GRB; the release of material from this can occur in the form of shells
with different velocities. If a faster shell collides with a slower shell, this generates
high-energy emission (prompt GRB); when the ejected material collides with the
interstellar medium, the afterglow is instead generated, with emission at various
wavelengths, from radio to gamma.

1.9 Compactness problem

As we have previously stated, a small minimum variability timescale would imply
an extremely compact emission region, with an high optical depth and strong e*e™
production, in contradiction with experimental observations showing a non-thermal
spectrum with high-energy photons. This apparent inconsistency is known as the
“compactness problem” and is solved assuming a relativistic expansion of the source.
In the absence of relativistic expansion motion, in fact, the optical depth is:

f,orFD? 3 F D AT \7?
=——=10 1
b R2m.c? Tv 10-7 ergem=2 ) \ 3000 Mpc 10 ms > 5
(1.5)

where:

2

- fp is the fraction of photons with energy higher than m.c”, so able to make
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pairs (m. is the mass of the electron in his rest frame);

or is Thompson cross section;

F' is the observed fluence;

D is the luminosity distance;
- R, is the size of the emitting region.

The fact that 7,, > 1 for typical values of F', D, AT implies that the source is
optically thick, i.e. that photons can hardly escape pair creation. The solution
is therefore to assume that the GRBs are produced in a medium that moves with
relativistic speed in the direction of the observer with a Lorentz factor I'.

Consequences of relativistic expansion on f,

A relativistic outflow implies that photons observed, having energy E s = hvgps,
where v, is the frequency measured in the observer frame, have been Doppler
blue-shifted and that their energy at the source is E; = hvg ~ hugs /I, where v
is the frequency measured in the comoving frame of the fluid that emits radiation.
Therefore, since at the source the energy of photons is smaller than that observed,
also the number of them that can make pairs ete™ will be smaller. Consequently,
the observed fraction f, of photons capable to produce pairs is greater than that
at the source: specifically, f, decreases by a factor [—2(+8) , where [ is the high
energy Band function parameter we introduced in

Consequences of relativistic expansion on R,

In [1.2] we used the relation R, = c¢AT to find the size of the emitting region;
we were implicitly assuming that the source was not expanding. If we consider a
source expanding relativistically with a Lorentz factor I', we will find the relation
R, = 2I"2cAT. In fact, let us assume a v-ray emitting shell of radius R, expanding
relativistically and place ourselves in the observer’s rest frame. If the observer is

Figure 1.9: Left panel: a shell emitting y-ray with no expansion. Right panel: the

arc AB as seen in the observer rest frame, if the shell is expanding.

!To find this value, consider the high energy Band function N(E) = NyE?; the ratio between
fp observed at Earth and f, at the rest frame is the square of the ratio between N(E) integrated
from I'm.c? to infinity and from mec? to infinity. In this way one finds 245 the square is due
to the fact that to have pair production two photons are needed.

11
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at a great distance from the shell, we can assume that the photons emitted by its
surface in the direction of the observer are parallel one to the other. These photons
are all those emitted by the points on the surface of the shell belonging to the arc of

the circumference AB facing the observer (see Fig. . Therefore, the maximum
time interval AT that separates the arrival of the photons at the observer is the one
between the photon v, emitted at the point P and the photon 7, emitted at the point
it A (or it B). These points are separated by a distance R, and therefore AT = R, /c.
Now suppose that the surface of the shell is expanding with a relativistic speed and
let’s move in the observer rest frame: due to the relativistic beaming effect, the
observer sees only the photons emitted by the points on the surface belonging to

AB, subtended by an angle having half-aperture § ~ 1/I". Therefore, in this case,
the maximum time interval AT that separates the arrival of the photons at the
observer is the one between the photon v; emitted at the point P and the photon 7,
emitted at the point A (or B). These points are separated by a distance R, (1 —cos6)
and therefore it results:

AT:Re(l—cosﬁ) _ R [1 —cos (1/T)] __Re . (1.6)

c c 2c1?

A similar result can be obtained if we consider a point P emitting radiation for a
certain time interval and moving towards the observer with a relativistic velocity v
(see Fig. |1.10). The first photon emitted by the source is called v;; then, after P

Y1 Y1

b Ny — W

RE‘P"!"z

Figure 1.10: Left panel: Point P of a surface moving towards the observer is emitting
~v1-ray. Right panel: point P has moved by length R, towards the observer and is
emitting the photon ~,.

moved for a distance R., it emits 9, the last photon of the event. In the time taken
by the source to reach the dimension R, i.e. R./v, photon 7, traveled a distance
Ry = ¢(R./v), while photon ~, traveled a distance Ry = R, since it is emitted when
the source moved by R,.: therefore, the time interval AT that separates the arrival
of the two photons to the observer is equal to:

Ry — Ry c¢(Re/v)— R, 1 1 R, R,
AT = = = - — = =—(1- ~ . 1.
c c Re vooc v (1-6) 2c1? (L.7)

New optical depth expression

In view of the results obtained in Section and Section , Eq. (1.8)) becomes:

108 f F D N[ AT\ (18
= 122577 \ 10T ergem-2 ) \ 3000 Mpe ) \10ms/ '

considering S ~ 2.5, we can have 7,, ~ 1 if I' ~ 100 — 1000. A proof in favor
of the relativistic expansion of the fluid was obtained studying GRB030329: its
apparent size increase of ~ 0.3 pc in ~ 50 rest-frame days, suggesting an apparently
superluminal expansion speed, that can be understand only invoking a relativistic
bulk motion (Taylor et al., 2004)).

12
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1.10 Jets

1.10.1 Beaming theory

The hypothesis that the plasma emission is collimated, and therefore that there are
jets of material expelled relativistically, arose both to relax the power requirements
and to justify the observation of achromatic breaks in the afterglow light curves. To
understand this sentence, let us assume that the burst is collimated within a cone of
semiaperture 6 and that, initially, the bulk Lorentz factor of the fireball is such that
% < #. In this case the observer receive light only from a section of the emitting
surface of aperture 1/I". This is illustrated in Fig. [1.11
Initially, this area increases both be-
cause R, the distance from the apex of
the cone, increases with time and be-
cause I' decreases. This leads to the es-
timate of how the received flux varies in
time. If the fireball is spherical, this will
continue as long as the motion is rela-
tivistic. Instead, if the fireball is col-
limated, there is a time when 1/I" be-
comes comparable to 0. After this time,
the observed area will increase only be-
cause R increases, while the decrease in
velocity, and so in I', will not amplify
the available surface. Since the rate of
increase of the observed emitting area
changes, there will be a change in the
slope of the light curve: an achromatic
Figure 1.11: Comparison between expan- break happened (Ghisellini, 2001)). The
sion like a sphere or like a collimated time of the break in the light curve is
plasma. Figure from |Ghisellini, 2001} linked with the degree of collimation,
GRB redshift and energy (strong colli-
mation produce an earlier break than mild collimation, Frail et al |2001); this allow
to calculate the jet angle for bursts of known redshifts. Typical collimation angles
range from ~ 4° in long GRBs ([Frail et al. [2001) to ~ 16° in short GRBs (Fong
et al., 2015)).

1.10.2 Jet properties

The simplest model of jet is the so called "top-hat” jet, where the energy (and the
Lorentz factor) is the same across the jet and drops to zero at sharp edges. Alter-
natively, the jet can show significant structure: the jet may have a high Lorentz
factor when viewed directly on the jet axis, that can decrease rapidly as the view-
ing angle increases. In particular, mostly two functions were explored initially to
describe the jet structure: a power law jet with dE/dQ2 oc 672 (e.g. [Lazzati, 2005),
supported by numerical simulations (e.g. Morsony et al., 2007) of the jet emerging
from its progenitor star envelope, and a Gaussian jet with dE/dQ o e_(9/90)2/2,
where most of the jet energy is contained in two times the core opening angle

13
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0. (e.g Rossi et al., 2002, Kumar and Granot, [2003). |O’Connor et al., |2023).
Even more complex structures, such as

e oo ONE composed by a narrow, fast and
SN S energetic jet, surrounded by a wider,
0, &/\N\" \/\/\/\v Radio .
[~ M slower and weaker one, were considered
- I% __ to explain the optical afterglow bumps
e MW/\\/T q;“\ﬁ; observed in some GRBs (e.g. [Racusin
W et al) [2008)). Also the recent and ex-
e AR ceptionally bright GRB 221009A has

shock

been interpreted as a two-component

Figure 1.12: Schematic of the structured Jet model (see Fig. 3 in this way
jet for GRB0606149A. The prompt y-rays most of the energy is emitted from the
may be radiated from the central narrow core of the jet, avoiding excessively high
core of aperture 6,, while the afterglow GRB energy values (e.g [Sato et al
and very-high energy(VHE) ~-rays could [2023,0’Connor et al} [2023). There is

come from a wider angular structure. Fig- also another possible feature of jets: re-
ure from [O’Connor et al 2023 cent simulations of collapsar (Gottlieb

et al. 2022) led us to think about the
presence of oscillating jets; this naturally explain quiescent times in GRB lightcurves:
when the jet is not pointing towards us, we have no signal, conversely when it points
in our direction, we can see it.

1.11 Central engines

As we learned in Section the typical gamma-ray released energy is extreme.
These values suggested that the total energy released during the explosion is com-
parable with the binding energy of a compact object with a stellar mass; since the
burst durations are, however, much longer than the free fall time, a viscous process
would be needed to account for the observed duration. The most plausible way
out is the disk accretion process around a black hole (BH). Alternatively, also the
magnetars, being extremely magnetized neutron stars when rotational energy is dis-
sipated on the scale of seconds, may be able to power the GRBs (e.g. |Janiuk and
Sapountzis, |2018|, |Zou et al., 2019 [Petropoulou et al., 2020, Sharma et al., 2021,
Dall’Osso et al., 2023)).

1.11.1 Black hole central engines

A black hole central engine can form directly in the core collapse of a massive star, or
following the merger of two neutron stars, when the mass of the remnant exceeds the
maximum mass of a neutron star (Levan, [2018). Once the BH is formed, the most
promising way to extract energy is through the accretion disk. The exact process for
energy extraction remains uncertain. One of the possibilities is that GRB is given
by neutrino-antineutrino annihilation whose wind originates in the hot disk. Indeed,
since the newly formed black hole grows by several solar masses on a time-scale of
seconds, the accretion rate is extreme; under these conditions, the accretion disk is
a powerful source of neutrinos (Popham et al.l 1999 Birkl et al., 2007, |Leng and
Giannios, [2014). A fraction of these neutrinos annihilate into e* pairs, producing the
fireball that powers the GRB. In fact, despite the low interaction rate of neutrinos
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to terrestrial detectors, the cross section for weak interactions scales as the square
of temperature, so it is possible to have a consistent amount of energy deposited via
annihilation (Levan), |2018)). Alternatively, the GRB jet (see Section may be
generated through electromagnetic effect, via the so-called Blandford-Znajec effect
(Blandford and Znajek, 1977, Meszaros and Rees|, |1997): the interaction of the
accretion disk magnetic fields with the BH leads to a slowdown of the BH; the
rotational energy of the BH is then converted into jet energy.

1.11.2 Magnetar central engines

An alternative to black hole accretion model is that the GRB energy is provided by a
magnetar, a higly magnetic neutron star (B > 10*G) with a very short spin period
(~ 1 ms) (Duncan and Thompson, 1992). Its spin-down and neutrino emission can
power a GRB (e.g. [Duncan and Thompson, 1992, Usov, 1992, Thompson, 1994,
Metzger et al, 2011/Dall’Osso et al., 2023). In fact, let us to consider the rotational
energy E,., = %I w?, where w is the angular frequency and Iz%mr2 is the moment
of inertia for the sphere of mass m and radius r; assuming that magnetars are born
with a period of ~ 1 ms, they lose approximately 10°% erg of energy since their
formation. If this energy can be extracted rapidly (over a few seconds), then it
could power GRBs. The rate of energy loss is given by:

dE, .t 7 dw 47 dP
dt dt P3 dt

(1.9)

To maximize the energy deposition rate is necessary an high spin-down rate Cfi—f and a
small period P (the short period is also required to carry the total energy necessary

to power a GRB). Since the dipole field B is proportional to @/P%(e.g.Cordes,

1986), the requirement of spin-down within a few hundred seconds and an initial
period of milliseconds also fixes the possible range of magnetic fields, which are
typically B ~ 10 G.

1.12 Progenitors

The discovery of two populations in Ty, distribution and in the spectral distribution
(Section |1.2l and Section |1.6)) suggests that there exist (at least) two different GRBs
families, with probably different progenitors. We explore the possible progenitors

for L-GRBs and S-GRBs.

1.12.1 Long GRBs

Once afterglows were discovered, it was possible to use them to locate bursts on the
sky and identify any underlying source. L-GRBs appear to belong to star-forming
host galaxies (Levan, [2018); also, low metallicity environments appear to play a role
in the formation of L-GRBs (Schneider et al. |2022). Furthermore, L-GRBs seem
to be much more concentrated on the brighter regions of their host galaxies (which
corresponds to regions with high star formation) (Fruchter et al., 2006, |Larsson
et al 2007). Formerly Woosley, 1993 hypothesized that GRBs could be due to
star collapsar. The observations of star-forming galaxies led again to wonder if in
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particular L-GRBs can be associated with the core collapse of massive stars, and
hence with supernovae (SNe), which can only be found where star formation is on-
going. The answer arrived in May 1988, with GRB 980425; observations of the burst
few days after the trigger revealed a rising supernova, named SN 1998bw (Galama
et al., [1998). This SN showed no signs of either hydrogen or helium emission lines,
and had broad spectral lines: it was a so-called SN Ic-BL, with an high expansion
velocity (~ 30000 km/s) (Cano et al.,[2017). Given this discovery, efforts were put to
search for SNe in other GRBs: in the following years, essentially all GRB supernovae
found are of Type Ic, and almost all exhibit broad lines (Levan, [2018]). The easiest
and most popular way to explain the connection between L-GRBs and Type-Ic SNe
is the collapsar model, firstly developed by |Woosley. The model consisted in the
creation of a black hole with a surrounding accretion disk as central engine of the
GRB (see Section . The progenitor is expected to be hydrogen-poor, like a
Wolf-Rayet star (Zhang et al., 2004, Langer et al., 2010, Levan, 2018)). They are
very massive stars (> 20M,), that lose much of their mass (hydrogen and sometimes
helium envelope) to strong stellar winds. They end their lives as compact stars with
masses of ~ 10M,. One way to obtain an estimate of the mass of the progenitor
was explored by [Fruchter et al. and |Larsson et al., who studied the distribution of
L-GRBs and core collapse supernovae (cc SN) upon their host galaxies and found
L-GRBs are much more concentrated on their host galaxy light than cc SN. This
differing distribution reflects different progenitor masses for L-GRBs and cc SN.
They found GRBs are likely to arise from stars with initial masses > 20Mg, in
agreement with the Wolf-Rayet model hypothesis.

Two GRBs discovered in 2006 with Ty, > 2s challenged this picture: GRB
060505 and GRB 060614. Despite they are both low-redshift events (z = 0.089 and
0.125, respectively), i.e. sufficient to enable a typical SN Ic-BL identification, there
is no sign of any SN emission. This can be understood only either supposing a
supernova up to 100 times fainter than SN 198bw (Della Valle et al., 2006} [F'ynbo
et al., [2006, Gal-Yam et al., [2006), or assuming a different progenitor. For example,
they may arise from binary mergers, as suggested for S-GRBs (see [1.12.2] ”Short
GRBs” subsection). In particular, GRB 060614 seems to belong to a different class
of GRBs: short bursts with extended emission (SEE-GRBs). The peak luminosity
and the spectral lag of its initial spike, in fact, are consistent with that of short
GRBs, as shown in Fig. (Gehrels et al., 2006), despite it lasts longer than
100 s. Moreover, this burst seems to be associated with a kilonova emission (Yang
et al., 2015, Zhu et al., 2022} see , ”Short GRBs” and ”Kilonovae” subsection).

Finally we emphasize that star-formation galaxies where L-GRBs take place
also host significant numbers of young rapidly spinning pulsars that might in
principle produce bursts . It is indeed remarkable that these bursts are
now being strongly considered as one of the main potential sources for fast radio
bursts (FRBs; Lorimer et al., 2007, Thornton et al., 2013), which may have some
connections with GRBs (Metzger et al., 2017, |Li et al| 2021)).

1.12.2 Short GRBs

Until 2005, only L-GRB afterglows were detected. On 2005 May 9, Swift caught
the very faint X-ray afterglow of the short GRB 050509B (Gehrels et al., 2006);
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Figure 1.13: Peak luminosity as a function of spectral lag; it shows GRB 060614 in
the region of short-duration GRBs. The lags and peak luminosities are corrected
to the source frame of the GRB. The lags are defined as the difference in time
between light curve structures in the 50-100 keV and 15-25 keV channels. The
dashed line shows the lag-luminosity correlation for L-GRBs. Outliers are bursts
with unusual properties: GRB 060729, that has an extremely long-lived afterglow
and GRB 051016B has extremely soft prompt emission. Figure from
20006/

this allowed to localize the burst close to a massive elliptical galaxy with no signs
of star formation, at z = 0.225 (Bloom et al., 2006)). Moreover, deep observations
failed to find any evidence of SN related with GRB 050509B (Hjorth et al., [2005)).
Subsequent observations of S-GRBs and their host galaxies allowed to provide a
very different picture from L-GRBs events:

— Fi, of S-GRBs is on average 2 orders of magnitude lower than L-GRBs one,
with a peak around 10°! erg; since the opening angles distribution of S-GRBs
is similar to L-GRBs one, typical S-GRBs energy is almost a factor of 100
fainter than that of L-GRBs (Fong et al., |2015);

— S-GRBs have median redshift of z ~ 0.5, while for L-GRBs z ~ 2.4 (D’Avanzo
2015, Burrows et al., [2008);

— some S-GRBs (or SEE-GRBs) have host galaxies that are elliptical (like
GRB 050509B) or early-type, with little star formation (Gehrels et al.; [2005|
Barthelmy et all, 2005, others occur in star-forming galaxies (Fox et all [2005]
Fong et al. 2010))
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- S-GRBs are well scattered within their host galaxies, often lying off the stellar
light, as we can see in Fig. [1.14] (Fong et al. 2013).
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Figure 1.14: Examples of S-GRBs host galaxies and their position relative to the
burst. In each panel, the most precise afterglow localization(s) for each burst is/are
plotted (XRT 90%: orange dashed, optical 1o: blue, Chandra or VLA 1o: purple);
the putative host galaxy is denoted by the pink cross-hairs. Figure from Fong et al.
2022.

The most reliable explanation for these features suggests that S-GRBs stem from
a binary system comprising either two neutron stars or a neutron star and a black
hole (Goodman, [1986, Narayan et al.,[1992). In fact:

— according to the internal shock model (e.g. , 2004]), the duration of the
event is substantially a direct measure of the time interval during which the
powering engine is active. Simulations of mergers of two compact objects
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showed that the duration of the neutrino-driven wind possibly producing the
GRB (Ruffert and Janka, [1999)) is less than one second, in accord with S-
GRBs. Also, for binary mergers the material the jet must pierce through is
less than for a massive star, so shorter duration are rightful.

— As regard the difference in FEi,, the longer duration of L-GRBs allows for the
buildup of more energy and the production of higher-energy gamma rays. Also,
binary systems have less mass and are so generally less energetic compared to
the massive stars that are believed to be the progenitors of long GRBs.

— since S-GRBs are less energetic, it is also more challenging to detect them:;
also, if S-GRBs and L.-GRBs have different progenitors, then S-GRBs should
be typically localized at lower redshifts with respect to long ones due to the
delay time between their formation as binary systems and their merger.

— The merger time from formation of the second object depends on the fourth
power of the initial separation between the two objects (fmerge < a*, Mandel
and de Mink, 2016)), so a small difference can dramatically alter the merge
time, so we can find S-GRBs arising both from elliptical galaxies and from
star-forming system.

— S-GRBs can be found far from their host galaxies, a property which is not
observed with long GRBs. This fact can be understood if we think that massive
stars have short lifetimes and, therefore, are expected to die close to their
birthplace, that is, in dense and dusty environments. On the other hand,
compact objects receive kicks (in the range of hundreds of km /s, Arzoumanian
et al., 2002) when they are born and are therefore expected to travel far from
their birthplaces (Perna and Belczynski, 2002).

One of the strongest evidences of the correlation between S-GRBs and binary merg-
ers is the identification of a kilonova associated with a S-GRB. We discuss this aspect

in Section [LL.I3l

1.13 Kilonovae

1.13.1 Properties

Burbidge et al., 1957 and |Cameron), [1957| discovered that approximately 50% of the
elements heavier than iron are synthesized through the capture of neutrons onto seed
heavy nuclei (like iron) in a dense neutron-rich environment, where the timescale
for neutron capture has to be shorter than the p-decay duration. This process is
called ‘rapid neutron-capture process’, or r-process. A parameter that influences the
realization of r-process is the electron fraction:

Y, = (1.10)

)
Ny + Ny,

where n,, and n,, are the densities of protons and neutrons, respectively. Ordinary
stellar material usually has more protons than neutrons (Y. > 0.5), while matter
with a neutron excess (Y, < 0.5) is typically required for the r-process (Metzger,
2019).
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During the merger of two neutron stars or a neutron star with a black hole,
mass is lost from the system (ejecta). This material, due to the presence of neutron
stars, is generally neutron-rich, so it is a likely place for the creation of neutron-
rich elements via the r-process. The subsequent decay of this material produces a
thermal transient: a kilonova.

There are different way in which the merger can produce ejecta (e.g. [Perego
et al., 2014, [Shibata and Hotokezakaj, 2019, Janiuk and Kaminski, 2014, Metzger,
2019):

- initially, as the neutron stars come together and deform in the merger, some
material is expelled in the equatorial plane as tidal tails, the so called dynami-
cal ejecta. Because the typical Y, value for neutron stars is quite low, 0.05-0.1,
also Y, of the dynamical ejecta would also be low.

- A polar component may also be discharged during this stage. This emission is
due to shock heating: as the two compact objects approach each other, intense
tidal forces and gravitational interactions cause the material to be compressed
heated; the heated material expands and creates an outward-directed flow
of ejecta. In such a high temperature environment, the electron-positron pair
creation is enhanced; as a result, neutrons easily capture positrons via n+et —
p+,. In this way, the fraction of protons and Y, are increased (Y, ~ 0.3—0.4).

- The excess material that is not expelled during the merger can form an ac-
cretion disk around the resulting compact object. The accretion disk is char-
acterized by an internal friction between adjacent layers of the disk material;
this causes the disk material to move at different speeds, bringing to a viscous
heating. The high temperatures caused by viscous heating can launch outflows
and winds from the accretion disk. This component, with a material that is
quiet comparable to the dynamic ejecta, has Y, ~ 0.1 — 0.3.

- In the presence of massive neutron star (MNS) as remnant, that is a strong
neutrino emitter, the neutrino irradiation to the matter surrounding the MNS
could significantly change its composition. This emission, called neutrino-
driven wind, can be due also to the accretion disk. The effect is an increase of
Y.: neutrinos can in fact interact with neutrons through: v, +n — p+e~. In
this way we have Y, ~ 0.2 — 0.4.

Until Y, > 0.25, nucleosynthesis throught is incomplete, we can’t have elements
heavier than Barium (Z=56) and the material is considered as lanthanide-free; if
Y. < 0.25, we have enough free neutron to have heavier elements, also lanthanide (57
< 7Z < 71), and the material is called lanthanide-rich. Lanthanide-rich material has a
high opacity: these elements have open electron f-shells, which are characterized by a
deluge of possible transitions across the optical regions. Optical light in lanthanide-
rich ejecta should be essentially extinguished. Rather, we expect to observe a redder
transient (Barnes and Kasen, 2013). We present a sketch that summarizes all these
properties in Fig. [I.15] where different colors represent the expected wavelengths
correlated with different degree of lanthanide richness.
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Figure 1.15: A sketch of the merger of two neutron stars, involving either a NS
(upper left) or a BH as (lower right) a central object. Different types of ejected
matter are represented. Figure from Korobkin et al.l 2021

1.13.2 Main equations

We aim to find the time at which the kilonova emission peaks, and the luminosity
value at peak. We consider the merger ejecta of total mass M, which is expanding
at a constant mean velocity v, such that its mean radius is R = vt after a time t
following the merger. A typical optical depth in the ejecta is 7 = pkR, where &
is the mass absorption coefficient or opacity (in units of cm?/g), p is the density.
Then, the diffusion timescale in the ejecta is:

R 3Mk

taig = —7=——, 1.11
diff cT drecR ( )

by adopting p = ;7%3 (homogeneous ejecta). When the dynamical timescale of
3

the ejecta (tayn = % = t) becomes comparable with the diffusion timescale, pho-
tons can escape from the ejecta effectively. From the condition of t4yn = tais, the
characteristic timescale of the emission can be written as:

1 1 1

3kM \ 2 M 2 v o\"3 K 2
b = ~2.7d ( ) — ") a2
pealk (47rcv> we <0.01M@> 0.1c <1 chg—1> (1.12)

The radioactive decay energy injection rate due to r-process nuclei has a power-law
dependence: ¢(t) ~ 2-10%rg s7' g7'(t/1 day)~'/3. By introducing a fraction of
energy deposition ¢, the total energy deposition rate (or the deposition luminosity)
is L = eMq(t). In order to find Lpeax, we calculate L(tpeak):

Lpeak - EMQ(tpeak)

1 Y 0.35 0.65 ~0.65
~1.3-10%erg 57! (i) i (—U ) k. .
0.5 0.01 M, 0.1c 10 ecm?g—1!

(1.13)

Typical kilonova peak luminosities are approximately one thousand times brighter
than a nova (and 10 or 100 times softer than a SN), this is why the term "kilonova”
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was introduced.

Equations and tell us that both tpea and Lpe depend on M, v, k
(Tanakay, 2016, Metzger, 2019). Regarding ejecta mass and velocity, they seem to
be strictly related to the merger remnant lifetime, which in turn depends on the
binary total mass. As one can see in Fig. [.16] in fact, if a merger is due to a
large total mass binary systemEl, it is supposed to end its life as a BH, with a short
lifetime (< 1ms, see secondary x-axis for the trend), a low kinetic energy (so a low
velocity) and a low mass of the ejecta. Vice versa, a less massive binary merger
will end its life as a stable NS, with a virtually infinite timelife and more massive
ejecta. This behavior can be understood by assuming that the longer the collapse
time, the larger remnant rotational energy can be transformed in kinetic energy.

—— remnant lifetime [ stability
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Figure 1.16: Energy and mass of the merger ejecta as a function of the binary chirp
mass M,.. Figure from Metzger, 2019.

Figure from [Tanaka et al., 2020/ shows « as a function of the radiation wave-
length for different values of Y,. As we can see, the opacity decrease with wavelength,
so IR photons can more easily escape and contribute to the observed kilonova rather
than bluer photons. Also, if we compare k values referred to lanthanide-rich and
poor in the optical band, we have a factor of ~ 50, which corresponds to a factor
of ~ 0.1 in luminosity and a factor of 7 in ¢,ecak. The opacity depends not only on

(M Mp)*/P ;
= GL)Ts with

M; and M> masses of the compact objects, considered here as a proxy for the total binary mass.

2In Figurdl.16|on the x-axis we have the so called measured chirp mass M,
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Figure 1.17: Opacity as a function of wavelength for different values of the electron
fraction Y, and for fixed density and temperature. Figure from [Tanaka et al.| [2020.

elements, but also on the density of the ejecta and on the temperature, so it evolves
in time.

1.13.3 Observations

Kilonovae detection is somewhat challenging, due to their faintness. Currently a
few events show evidence for kilonova emission. We present the kilonovae that we
consider in our study about minimum variability timescale in Chapter |3 and GRB
170817.

GRB 060614

As we remarked in Section despite its long duration, GRB 060614 peak lu-
minosity and the spectral lag of the initial spike are consistent with that of short
GRBs|Gehrels et al., 2006, so that it is considered a SEE-GRB. Moderately convinc-
ing signatures of kilonovae were uncovered in its light curve, as suggested by
et all [2015] [Jin et all, [2015] [Tanakal, 2016; in Fig. [I.18] right panel, one can iden-
tify a kilonova emerging from GRB 060614 afterglow. Data seem to be reasonably
well modeled by a BH-NS merger with a large ejecta mass (Mg ~ 0.1M,) (Tanaka)
2016)).

GRB 070809

GRB 070809 is a S-GRB. The optical component of this burst show a similarity
to thermal-like radiation and does not match any afterglow spectrum. It can be
interpreted as a blue kilonova, powered by the lanthanide-free material launched
during the neutron star merger (Jin et al., 2020).
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Figure 1.18: Comparison of kilonova models with GRB 130603B (left) and GRB
060614 (right) data. Figure from [Tanakal, [2016

GRB 130603B

It was the first event whose light showed clear photometric evidence for a kilonova
(the previous kilonovae I described were found only later). GRB 130603B was a
short burst at z = 0.35 (de Ugarte Postigo et al., 2014). This burst exhibited an
optical counterpart that was well monitored from the optical to infrared at early
times (Berger et al.| [2013, Tanvir et al., [2013). Later observations revealed a color
change: ten days after the burst, the source was not detectable in optical light but
it was visible in infrared. The infrared light lay above the extrapolation of the
afterglow (see Fig. , left panel) and suggested the presence of a kilonova. The
observed brightness of the near-IR excess in GRB 130603B requires a relatively large
ejecta mass of M.; > 0.02M, (Berger et al.| [2013, Tanvir et al. [2013).

GRB 160821B

GRB 160821B is a S-GRB. The spectroscopic redshift of the host galaxy is z = 0.162,
making it one of the lowest redshift S-GRBs identified by Swift. It shows evidence
for a late-time excess of optical and near-infrared emission in addition to a complex
afterglow: this excess was interpreted as due to a kilonova with dynamical ejecta
mass Mgy, = (1.0 = 0.6) - 107°M, and a post-merger ejecta mass with M, =
(1.040.6) - 1072My, (Lamb et all, 2019).

GRB 170817

On 2017 August 17, Advanced LIGO/Virgo made the first detection (Abbott et al.,
of gravitational waves (GWs) from a binary neutron star merger, GW170817;
just 1.7 s later there was the detection of a S-GRB by Fermi (Goldstein et al., 2017)
and INTEGRAL (Savchenko et al.,[2017): GRB 170817A. 11 hr after the GW170817
trigger, an optical counterpart, labelled AT 2017gfo, was discovered in the nearby
(d = 40 Mpc) galaxy NGC 4993 (Coulter et all 2017). The ultraviolet, optical,
and near-infrared emissions were consistent with being powered by the radioactive
decay of nuclei synthesized in the merger ejecta by the r-process (Villar et al., 2017,
‘Watson et al., 2019, Domoto et al. 2021} |[Kasliwal et al., 2022)). This was the first
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time one source was detected both in GWs and electromagnetic (EM) radiation,
and the first time spectroscopic evidence of a KN was obtained (Chornock et al.|
2017, |Kasen et al.| 2017, [Pian et al., 2017, Smartt et al., 2017). One day after the
merger, the source was optically bright, but it faded rapidly within days (Arcavi
et al., 2017, (Cowperthwaite et al., 2017)). Meanwhile, the emission in the infrared
remained bright for nearly two weeks (Kilpatrick et al., [2017). Kasen et al. 2017
inferred the presence of two distinct components of ejecta, one composed primarily
of light (atomic mass number less than 140) and one of heavy (atomic mass number
greater than 140) r-process elements. In particular, the observed optical and infrared
luminosities implied ejecta masses of Mp,e ~ 0.025M and M,..q ~ 0.04M, respec-
tively, while the spectral analysis indicates velocities of vpue ~ 0.3¢ and v..q ~ 0.1c.

GRB 211211A

GRB 211211A lasted longer than 50 s and its spectral hardness lies close to the
mean of the L-GRB population. The light curve consists of several pulses exhibiting
little spectral evolution and lasting for approximately 12 s, followed by a softer
emission. While GRB 211211A exhibits similarities to the behavior of previous
SEE-GRBs, such as the absence of early spectral changes and subsequent softening,
its duration far exceeds those observed in previous cases. It is associated with a
kilonova (Troja et al., [2022)) sharing luminosity, duration, and color with that of
GRB 170817 (Rastinejad et al., [2022). Despite the similarity to the kilonova event
GRB 170817A /AT 2017gfo, GRB 211211A long duration led to the possibility that
this event may arise from a neutron star-white dwarf (NS-WD) merger (Yang et al.,
2022, [Zhong et al., 2023)).

GRB 230307A

GRB 230307A is a L-GRB (Tyy ~ 35s), with an exceptional fluence (2.951 + 0.004)
1073 erg em™? in the 10-1000 keV band (Dalessi et al., [2023). The measured flu-
ence makes it the second-brightest GRB ever detected Burns et al., [2023. This high
luminosity can be due to a highly magnetic progenitor (> 10 G), or a rapidly
rotating massive neutron star (Dichiara et al., 2023). At 11 days, infrared obser-
vations showed a transition from an early blue spectral slope, to a much redder
one. This extremely red colour appeared similar to the expectations for a kilonova
produced during the merger of a neutron star and another compact object (Levan
et al., 2023)). Moreover, emission features observed in spectra obtained with JWST
are associated with elements obtainable through the r-process, such as, for example,
tellurium (Levan et al., 2023| |Gillanders et al., [2023). Data fit well with a face-on
model with two ejecta components: a dynamical ejecta component with a mass of
0.005M, an average velocity of 0.25¢ and an average electron fraction Y, = 0.15,
and a disk-wind ejecta component with a mass of 0.05M, an average velocity of
0.1c and an average electron fraction Y, = 0.3 (Bulla et al., 2023)). Our analysis of
the minimum variability time also led us to support the possibility of a merger of
compact objects (Camisasca et al., |2023).
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1.13.4 Kilonovae polarization

Polarization E| could play a relevant role in the study of KNe properties, especially
in understanding the nature and geometry of these astronomical events and their
dynamical evolution. The polarization of the KN signal depends on the combination
of the polarizing effect due to electron-scattering and the depolarizing effect caused
by absorption lines of lanthanide-rich material. For example, assuming a model
without jet and schematisable with the presence of a torus of lanthanide-rich material
on the merger plane (see Section , linear polarization primarily arises exactly
from the asymmetric distribution of lanthanide-rich material in the ejecta: radiation
from regions closer to the equatorial plane is typically depolarized by line interactions
with lanthanide-rich material, while radiation emerging from higher latitudes is more
likely to be polarized by electron-scattering interactions, due to the higher value of
Y., and lower opacities from lines.

As a consequence, us-
ing the standard notation
@ and U for the sec-
ond and third normalized
Stokes parameters, in cor-
respondence with an ob-
server placed on the equa-
torial plane we have Q) #
0 and U = 0, so P =
VQ?+ U? = |Q|; for a po-
lar observer, instead, () =
U=P =0 (see Fig. |1.19
for a detailed explanation).
The presence of jets and/or
a neutrino-driven wind, in-
stead, makes the polariza-
tion trend as a function

Figure 1.19: Left panel: a KN edge-on view; radiation
coming from the equatorial plane is depolarized, due
to the absorption in the lanthanide-rich component; ra-
diation crossing lanthanide-poor material is polarized
through Thomson electron scattering, mostly in the di-
rection perpendicular to the propagation direction. Q

expresses the difference in intensity between the elec-
tric field components along the vertical and horizontal
direction and U the difference between the component
which forms an angle of 45° with the horizontal positive
semi-axis and the one which forms an angle of 135%; it
is clear from the picture that for each 45° component
there is a 135° one, while it is not the same for vertical
and horizontal components. This leads to have Q) # 0
and U = 0. Right panel: a KN face-on view; for each
vertical component there is an horizontal one, for each
45° there is a 135° one, so both ) and U are null.

of the angle more complex
(see [Shrestha et all 2023)
than in a non-jet model.
KN polarization study
can bring to a better knowl-
edge of ejected materials
and KN geometry. An
example resides in simu-
lations of AT 2017gfo by
Bulla et al., [2019,
alized considering a two-
component kilonova. They

re-

reproduce a polarization signal that, after 1.5 days and at 7,000 A4, peaks at P = Q|

3In this part, even if we built this Chapter in such a way that it is easily modifiable for the
realization of informative or didactic material, we make the assumption the reader already has a
basic knowledge of polarization; in case it is necessary to deepen the subject, for example for an
high school audience, we suggest, for an easy introduction about Stokes parameters, the website
University of Victoria, Stokes Parameters
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~ 0.8% for an observer in the equatorial plane and then decreases to smaller
and smaller values moving towards the pole. AT 2017gfo intrinsic emission with
P ~ 0.4 — 0.5 can be understood supposing an observer orientation of the kilonova
to within about 65° from the polar direction. This value is less restrictive but con-
sistent with independent estimates from the literature (e.g. Margutti et al., 2017,
Pian et al., 2017, [Troja et al. 2017, Mandel, |2018)).
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Chapter 2

Prompt emission detection

The study of prompt emission, whose origin is still much debated, can certainly
increase our knowledge about the genesis of GRBs and their properties; moreover,
prompt detection is actually the primary way to identify a GRB, although there are
possibilities for detecting bursts directly on the ground with the Cherenkov ~-ray
detectors, or just detecting the afterglow via wide-field surveys in the x-ray, optical
or radio channel. In this chapter I will present the THESEUS mission proposal,
designed with the aim of capturing the prompt emission of violent gamma-ray bursts;
in particular I will focus on XGIS detectors and I will illustrate my contribution to
the characterization of the instrument performance.

2.1 THESEUS

THESEUS (Transient High Energy Sky and Early Universe Surveyor) is a space
mission devoted to the study of GRB. It is one of the five mission concepts selected
by ESA for a Phase-0 study as M7 candidates; if selected, THESEUS should be

launched around 2037. It has been conceived with two main goals:

a. Exploiting GRBs to investigate the early Universe.

GRBs are sufficiently luminous to be visible also at high redshift, and
they are short-lived, so they have a limited impact on the galaxy and
environment around them; this make them good candidate to explore the
early Universe. For example, since there is a correlation between L-GRBs
and massive stars, studying L-GRBs formation rate at high redshift will
make possible to understand star formation rate at high redshift (till the first
billion year of the Universe, z > 6); also, GRBs discoveries at high z would
unveil the bulk of low-luminosity primordial galaxies not accessible by current
telescopes.

b. Providing a great contribution to multi-messenger astrophysics with
the observation of the electromagnetic counterparts of gravitational
waves and neutrino events.

THESEUS, for example, would offer substantial and meaningful sam-
ples of S-GRBs coincident with gravitational wave observations. This unique
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combination would enable us to address essential unresolved inquiries regard-
ing the characteristics of compact binary mergers. We would gain insights
into aspects like the effectiveness of forming relativistic jets, the structures
of the jets, the properties of electromagnetic emissions from the remnants of
mergers, and the significance of NS-NS and NS-BH mergers in the enrichment
of r-process elements in the Universe.

To achieve these sci-
entific goals, THESEUS
would be equipped with
wide-field monitors that
operate in the X-ray-to---
ray energy range: the Soft
X-ray Imager (SXI, 0.3 -
5 keV) and the X and
Gamma Imager and Spec-
trometer (XGIS, 2 keV - 10
MeV). These monitors have
the capability to detect and
precisely pinpoint GRBs
and other transient high-

energy sources. Addition-
Figure 2.1: Schematic view of the spacecraft design ally, the wide-field mon-

from the industrial study by Airbus Defence and Space itors would be supported
(ADS, left) and Thales Alenia Space (TAS, right). Fig- by a near-infrared telescope
ure from |Amati et al., [2021] (IRT), which would facili-

tate the characterization of
the identified transients (see Fig. for a schematic view of possible THESEUS
designs).

The NIR telescope would conduct rapid follow-up observations, thanks to the
satellite’s autonomous slewing capabilities. Figure shows the predicted improve-
ment in GRB detection at high z thanks to THESEUS (Amati et al 2021): its
performance would be almost two orders of magnitude better with respect to what
has been achieved (7 GRBs at z > 6) in the last 20 years with past and current
GRB detectors (e.g., Swift/BAT, Fermi/GBM, Konus-WIND) combined with inten-
sive follow-up programs with ground small (robotic) and large (e.g., VLT) telescopes

(Amat], 2021).

2.1.1 IRT

The IR telescope on board THESEUS has been designed with the main goal of
detecting GRB counterparts and measuring their redshift through multiband pho-
tometry and moderate resolution spectroscopy. The IRT consists of a 70 cm aperture
telescope with an IR camera at its focus, sensitive in the 0.7-1.8 pum range. Five
filters (I, Z, Y, J, and H) would be available to acquire images over a field of view
(FoV) of 15 x 15 arcmin?, reaching magnitude limits of ~21 in 150 s exposures
(Mereghetti et al., [2021)).
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Figure 2.2: THESEUS capability of detecting and identifying high-redshift GRBs,
as a function of cosmic age, in 4 years of operations (red dots) compared with what
has been achieved in the latest ~ 20 years (gray dots). Figure from [Amati et al.
2021

2.1.2 SXI

The SXI is a focussing X-ray telescope composed of two identical units providing
high-sensitivity over a very large field of view thanks to a micro-pore mirror in
lobster-eye configuration El coupled to wide area detectors (see Fig. . It would
operate in the 0.3-5 keV energy range providing a uniform sensitivity, of the order
of few milliCrabs in 1 ks across the whole field of view of 31 x 61 deg?. The source
location accuracy will be < 1-2 arcmin.

One of the main advantages of the lobster-eye optics is that they can focus X-
ray photons over a very wide field of view, with uniform efficiency and point spread
function, independently of the off-axis angle of the source. The SXI point spread
function (PSF) has a characteristic shape consisting of a narrow core produced by
the source photons undergoing two reflections in the micro pores (5% of the total)
and two cross arms produced by single-reflected photons. The narrow PSF core has
a FWHM of 6 arcmin (at 1 keV) across the whole field of view (Mereghetti et al.|
2021)).

IThe lobster-eye configuration is an optical technique used for focusing high energy rays. It
is named after the shape of the eyes of certain lobster species, where a series of micro-pores on
the surface of the eye helps to focus light coming from different directions. Similarly, small pores
or channels are used to reflect X-rays or y-rays in the right direction. This configuration allows
capturing X-rays coming from various directions and focusing them onto a specific point, providing
higher sensitivity and resolution in the acquired images.
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Micra Pore - 5% Optic Assembly

Electronics and Control Unit (ECU)

Figure 2.3: SXI module exterior view.

2.1.3 XGIS

XGIS consists of two identical units employing coded masks and position sensitive
detection planes, connected through a collimator (see Fig. [2.4)).

spD scintillator sDD

Direct Scintillation light
detection in Si detection

Figure 2.4: Left panel: exploded view of an XGIS camera; right panel: a schematic
view of a pixel detector. Figure from [Amati et al., 2022l

- The coded mask (1.5 mm thickness) is placed at a distance of 63 cm from
the detector; it is made with transparent and high-energies-non-transparent
(tungsten) pixel elements; the image reconstruction is based on a correlation
procedure between the detected image and a decoding array from the mask
pattern. The mask provides imaging capability up to ~ 150 keV over a square
field of view of 77 x 77 deg? for each XGIS unit; the two cameras are misaligned
by 4+20° with respect to SXI and IRT, thus providing a total field FoV of
117 x 77 deg?.

- A collimator mechanically connects the coded mask with the Detector Assem-
bly and is a lateral passive shield for the Imaging System. Above 150 keV, the
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mask and the collimator of a XGIS camera become transparent, thus imaging
capabilities are lost and FoV is not delimited.

- The XGIS detector plane contains 10 x 10 Modules arranged side by side.
Each Module contains 8 x 8 pixels (pitch 5 mm). A passive space, one pixel
wide, interleaves one Module and the adjacent ones. In this way there are
9 “dead” rows and 9 “dead” columns in the plane. The Module is the basic
element of the detector plane; the dedicated electronics can identify, convert
in digital word and store all the information of a detected event. Figure [2.4
shows the pixel operation concept. Two Silicon Drift Detector (SDDs) are
placed at the two opposite sides of a scintillator CsI(T1) crystal. Low energy
radiation (roughly between 2 and 25-30 keV) is detected in the SDD on the
top surface of the Module (the best signal/noise ratio will be achieved with
a short shaping time, typically 1 us), while harder radiation will reach the
scintillator crystal and will be detected in time coincidence in both top and
bottom SDD (in this case the signal rise time will be of the order of few us, due
to the scintillation light characteristic timescale, and the best signal-to-noise
ratio will be achieved with a time of the order of 3 us).

The inclusion in the THESUS payload of XGIS, a broad FoV detection system with
an extended energy band from few keV up to several MeV, is fundamental: it would
allow to detect and localize S-GRBs and to determine the hard spectrum of these
events, so important in multi-messenger astrophysics. Also, through XGIS it could
be possible to provide unique clues to the physics and geometry of the emission of
GRBs and other bright X-ray transients through sensitive timing and spectroscopy
over an unprecedentedly wide energy band (Amati et al. 2022).

2.2 MEPSA

MEPSA (Multiple Excess Peak Search Algorithm; |Guidorzi, |2015) is an algorithm
designed to identify peaks in a uniformly sampled time series affected by uncorrelated
Gaussian noise. The algorithm has been conceived for the analysis of GRB curves
and can therefore be extremely useful in identifying peaks in light curves detected by
XGIS. It operates by scanning the time series at various timescales and comparing
potential peak candidates with a variable number of adjacent bins. Specifically,
MEPSA detects peaks in the input light curves by utilizing a multi-pattern set of
excesses, i.e. a set of N = 39 patterns. For accurate results, it is necessary to pre-
process the series by either subtracting the background or eliminating any potential
trends. This ensures that changes in the expected value should only be due to signal
and not to background.

For each bin of the light curve, let r; be the rate in the i-th bin. A given pattern
Py (k=1,...,N) consists of a fixed number of adjacent bins around the given i-th
bin: around ¢ there are a given ny; leftward bins (which temporally precede the i-th
bin) and ng, rightward bins (which temporally follow the i-th bin). The pattern
assigns each of its bins, except for the i-th bin, a threshold vy ; (j = 1, ..., "y +nk)
in terms of number of o (where ¢ is the statistical noise corresponding to that bin).
Pattern P, is then said to be fulfilled by bin i when the following conditions are
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simultaneously satisfied:
Ty — ;2> Uk,j—z’+nk,,+1az/‘j (j =0 = Ny ey b — 1) (2 1)
Ti =T 2 Vkjoitm 410y (J =i+ 1,0+ ng,)

where of; = (s? 4 s7)!/2. Each pattern has different numbers of leftward and right-

ward bins, that vary from 1 to 5, and a different threshold values, they vary in a
range from 0 to 5. The ¢-th bin is promoted to peak candidate if at least one of 39
pattern is fulfilled. The complete set of threshold values v ; currently adopted is
reported in |Guidorzi, 2015]

2.3 Our simulations and results

Our goal was to evaluate the detection capabilities of XGIS; in particular we tested
light curves (LCs) trigger algorithms, especially MEPSA, in detecting synthetic GRBs
as seen in a single XGIS unit in THESEUS. Here we report a short summary of the
work; for a comprehensive analysis, please refer to [Appendix A] This work is also
published as a technical notes on the website https://www.isdc.unige.ch/theseus/
(access restricted to THESEUS team members).

Characteristics of simulated GRBs

We simulated GRB-LCs with one peak; our single-GRB spectrum models are de-
scribed by the empirical Band function (see Section [L.5). We chose intermediate
parameters, so we fixed o = —1, 8 = —2.3, £}, in the range 2 — 1000 keV. Photon
fluence (F) range was 1 — 955 ph/cm? in the energy band 2-2000 keV. Our simulated
GRBs could be observed on axis or either 15° or 30° off with respect to the XGIS
camera axis.

Procedure

a. Using Python package zspec and XGIS response and ancillary files (version 7),
we determine the predicted counts for 8 contiguous energy bands from 2 to
2000 keV. We call ”X” the energy bands detected by SDDs (see Section [2.1.3]),
”S” those detected also through scintillators. If we consider the total band,
we call it 7XS”. Background counts are determined setting a negligible value
to the normalization of the GRB spectrum (10'°).

b. To create the simulated LCs, we used the photon counts obtained previously
and we assign them a FRED profile with 7, = 0.5 and 7, = 1.6 (Section
for the hardest energy channel (200-2000 keV).

c. Once we have a LC, we add the background counts and Poissonian noise; then
we subtract it the background. Now the LC is ready to be analyzed with
MEPSA.

d. We tested MEPSA with LCs with different E),, directions, fluences:
E, =10, 100, 300 , 500 , 1000 keV (2 - 5 keV in some cases);
9= 0°,15° , 30°
F=1,5,10,50, 100 ph/cm? (up to ph/cm? in some cases).
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For each configuration, we carried out 100 simulations of 110 s each, rebinned
at 64 ms; we considered both a constant and a variable background.

Results

While comparing different algorithms, we firsty considered/characterized MEPSA.
Regarding MEPSA, we obtained the following results:

1. Considering different combinations of values for E,, fluences, directions, we
found that, at low energies, X band alone performs better than using all bands
(XS) (see Section 4.1 and 4.2 of technical notes);

2. As to be expected, detection efficiency depends on the GRB direction and is
better if the line of sight of the detected GRB is perpendicular to XGIS camera
plane (see Section 4.2 of technical notes).

3. For all the values of £, all directions, XS band, the detection efficiency >
90% for a peak flux > 0.5 ph cm™2 571 in 50-300 keV (peak flux threshold is
also lower for some values of E,); this value is comparable/better (for some
E,) than Fermi’s Gamma-ray Burst Monitor one (see Section 4.4 in technical
notes and von Kienlin et al., [2020), also with a single XGIS unit.

4. As we remarked above, for each configuration we carried out 100 simulations of
110 s each, rebinned at 64 ms; this implies 1.7 x 103 bins per configuration. We
found that the rate of false positives is < 5x 107 bin~! in all the configurations
(Section 4.5 of technical notes).

5. We simulated a background modulation assuming a sinusoidal shape with or-
bital period of 6000 s, £10% variable along the orbit (as expected for a quasi-
equatorial orbit), random phase. We found that MEPSA performance are es-
sentially unaffected by adding this kind of variable background (see Section 5
of technical notes).

We also compared MEPSA with a significantly simpler algorithm based on considering
a peak detected if SNR > 7: as expected, it turns out that MEPSA performs better,
especially at low fluence values (see technical notes, Section 4.6).

Further developments

Possible follow-up could include both the implementation of MEPSA and an exten-
sion of the analysis here reported. It could be convenient, for example, evaluating
whether disabling one of MEPSA patterns would decrease the number of false pos-
itives without losing too many true peaks. One could also vary the characteristics
of simulated GRBs, such as the duration and the number of peaks. Moreover, one
could extend the analysis studying the efficiency of the individual energy bands and
assuming to observe a given GRB using both XGIS cameras.
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Chapter 3

Prompt emission and minimum
variability timescale

3.1 Minimum variability timescale

Light curves often exhibit fluctuations or variations in their intensity over differ-
ent timescales (see Section [1.2). The minimum variability timescale (MVT) is the
smallest time interval at which these fluctuations, which must significantly exceed
the Poisson counting noise, can be reliably measured and quantified. The origin of
MVT in GRBs is currently still an open issue. This variability can be the result of
several different contributions:

a. it may reflect the time intervals between the emission of successive shells within
the internal shock model, as they are modulated by the central engine activity
(Kobayashi et al., [1997));

b. it can be due to viscous and thermal instability occurred in the BH accretion
disk (Xie et al., [2017);

c. it can be correlated with the propagation of the relativistic flow through the
stellar envelope (Narayan and Kumar, 2009), which in turn also depends on
the jet composition (Gottlieb et al. 2019, [2020b,a, [2021b,a;, the jet geometry
a possible jet precessing/wobbling trend (Salafia et al., [2016| |Gottlieb et al.|
2022).

Two empirical correlations associated with MVT and variability has been re-
ported: an anti-correlation between MV'T and the bulk Lorentz factor of the GRB,
and an anti-correlation between the variability and the isotropic luminosity of the
GRB (Sonbas et al., 2015, [Wu et al,|2016)). It was also noticed that S-GRBs have a
variability timescale that is in general significantly shorter than L-GRBS (MacLach-
lan et al., 2013} |Golkhou et al., [2015).

The close connection of MVT with fundamental characteristics of the GRBs (jet
opening angle, bulk Lorentz factor, luminosity, size of emitting region) makes the
study of MVT necessary to better interpret the nature of these physical phenomena;
the different MVT of S-GRBs and L-GRBs suggests that it could be a useful indi-
cator of the progenitor class. In addiction, as we remarked in Section [I.9] a misure
of MV'T can give information on the size of the prompt emission region.
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3.2 QOur study and results

In our work we analyzed the minimum variability timescale of a set of GRBs in
the keV-MeV energy range, where MVT is defined as the full-width half-maximum
(FWHM) of the shortest individual pulse that is identified within the light curve.
We investigated potential connections between the MVT and other important ob-
servables, such as the peak luminosity, Lorentz factor, and jet opening angle. We
also inquired whether MV'T could be an indicator of GRB progenitor type. Here we
report a short summary of the work; for a comprehensive analysis, please refer to
[Appendix B| where you can find the article: ”GRB minimum variability timescale
with Insight-HXMT and Swift” and the GCN 33577 ”(GRB 230307A: short mininum
variability timescale compatible with a merger origin”.

Data set

We considered GRBs detected both from Swift/BAT and with Insight-HXMT/HE.
In particular, our sample included GRBs detected by Swift/BAT in burst mode
from January 2005 to July 2022, totalling 1291 bursts. For about one third of Swift
sample, the redshift is known spectroscopically. Considering 2 s as the boundary
between S-GRBs and L-GRBs, 78 were S-GRBs; in the Swift sample we also had
24 SEE-GRBs. Regarding Insight-HXMT/HE, we considered GRBs detected by
Insight-HXMT/HE from June 2017 to June 2021, collecting 212 GRBs, of which 24
S-GRBs, 2 SEE-GRBs. We also added to the sample two recent and exceptionally
bright bursts: 221009A (see Section , and 230307A, our analyses of which
were reported in the paper and within a dedicated GCN circular (see Section[1.13.3)),
respectively.

Methods

We used the peak detection algorithm MEPSA (see Section to identify the short-
est pulse within a GRB time history; we preliminarily calibrated MEPSA to estimate
the FWHM duration: we simulated LCs with FWHM values taken from a given
lognormal distribution. We used 1600 fast rise and exponential decay (FRED) pro-
files; simulated LLCs at 1 ms were rebinned with rebinning factors = 1, 4, 64, and
1000. These profiles were affected by uncorrelated Gaussian noise. We apply MEPSA
to these imulated LC in order to obtain the conversion between MEPSA’s timescale
and the FRED pulse FWHM. Once MEPSA was calibrated, we applied it to real
GRB lighr curves. For each GRB, we started from the 64-ms LC. A detected peak
is considered a candidate when it satisfies two conditions, one regarding the signal
to noise SNR, with different threshold for different binning time, the other about
the peak duration. The different threshold values on the SNR for different binning
time were calculated to keep the number of expected statistical fluctuations being
classified as genuine peaks approximately constant: the shorter is the binning time
and the correspondingly larger number of bins to be screened that span a given time
interval. Regarding the peak duration, the duration of the peak must be greater
than the size of the bin.
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Results

We confirm that, on average, S-GRBs have significantly shorter MVT than L-GRBs.
The MVT distribution of SEE-GRBSs, such as 060614 and 211211A, is mostly com-
patible with that of S-GRBs. Moreover, the MVT distribution of SN-GRBs is not
compatible with that of GRBs associated with KNe. This is interesting because it
provides a new clue on the progenitor’s nature (see Fig. [3.1). Also the recent ob-
servation of GRB 230307A supports this idea: it has a long duration, a short MVT
and a merger origin is assumed for this GRB, as suggested by the possible evidence

for kilonova emission reported by [Levan et al. 2023|
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Figure 3.1: Scatter plot of FWHM,,;, and Ty for the Swift/BAT sample along with
the corresponding marginal distributions for distinct populations of S-GRBs (blue),
L-GRBs (red), SEE-GRBs (green). Gold points are L-GRBs with an associated

SN, pink points are events that show evidence for kilonova emission, as reported in

Section [1.13.3

Concerning the subsample of L-GRBs with measured redshift, upon a careful
evaluation of the selection effects that impact the MVT measure in the MVT-peak
rate plane, we confirm the existence of anti-correlations between MVT and peak
luminosity L,, and between MVT and initial Lorentz factor of the ejecta. We could
establish that MVT anti-correlates also with the number of peaks and correlates
with the jet opening angle. Globally, we find that GRBs with short MV'T on average
have narrower jets and/or smaller observer angles, higher Lorentz factors, high peak
luminosities and exhibit several pulses. An interpretation is that we are observing a
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structured and possibly wobbling jet: GRBs with short MVT would be seen within
the jet core, resulting in higher L, and Lorentz factor, shorter and more numerous
peaks; GRBs viewed across the boundary between the jet core and the jet-cocoon
interface, would appear as less luminous, with lower Lorentz factors and longer MV'T,
due to a smaller Doppler boosting and longer arrival time delays. The possibility
that such a jet could wobble randomly within angles comparable if not greater than
the jet core itself, further suggests that the different number of peaks observed in
different GRBs could indicate how often the jet core points to the observer.

Finally, calling R the distance at which the dissipation of energy into gamma-
rays is supposed to take place, we found that almost all GRBs lie in the 101° <
R/cm < 10'7 range.
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Chapter 4

Kilonovae detection

The study of a KN rapid evolution can improve our understanding of the role of
compact object mergers in the origin of the heavy elements (see Section .

In this Chapter I describe a strategy to optimize the observation for the optical
follow-up of KNe to constrain the model and the viewing angle once this has been
identified and localized, both using light curves and polarization. In order to simu-
late KN light curves and polarization curves, I used the POSSIS code (Bulla, 2019,
Section [4.2)).

This is important as their rare and rapidly fading nature (see Eq. and
Eq. (1.13)) means that such a strategy should be planned in advance rather than
being devised in an “ad-hoc” manner in the aftermath of the discovery. In addition,
such pre-planned observing strategies lead to the optimal use of robotic telescopes
in this kind of followup activities.

For the purposes of this work, we chose to study a specific case that could be gen-
eralized to most small-medium class facilities. The case chosen was to understand
the optimum exposure sequence using instruments similar to the MOPTOP (Multi-
colour OPTimised Optical Polarimeter,Shrestha et al., [2020) and 10:O (Smith and
Steele, 2017) optical imaging cameras, which are currently deployed at the 2-m fully
robotic Liverpool Telescope (LT; Steele et al., [2004). We assume that a network
of similar telescopes and instruments (e.g. Tsapras et al., 2009) is located over a
range of longitudes such that 24 hour coverage is available. Given the interest in
such sources, this assumption is reasonable in that most world-wide telescopes are
likely to be involved in the followup of such rare events (e.g. Brown et al.|2013).

4.1 Liverpool Telescope

The LT is a fully robotic telescope located at the Observatorio del Roque de los
Muchachos on the island of La Palma, in the Canary Islands, Spain. It is operated
by the Astrophysics Research Institute (ARI) at Liverpool John Moores University
(LJMU). LT has a primary mirror with a diameter of 2.0 meters. It is a Ritchey-
Chrétien telescope design, a type of reflecting telescope with high image quality over
a wide field of view.

LT is primarily used for time-domain astronomy, which involves studying tran-
sient or rapidly changing celestial events: to this aim, it is fully robotic, so it can
operate autonomously without the need for constant human supervision; this au-
tomation allows it to respond rapidly to transient events such as supernovae, GRBs
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(Guidorzi et al. [2006), and other sudden cosmic occurrences. The telescope is
equipped with 7 instruments that enable both imaging and spectroscopic obser-
vations. All LT instruments are mounted at the Cassegrain focus and the time
overhead for instrument changes is 60 seconds (Copperwheat et al., 2016). In the
next sections we briefly describe the instruments 10:O camera and MOPTOP; in
particular, the latter plays a central role in our work.

In addition to scientific research, the LT is involved in educational activities and
public outreach, offering opportunities to students and to the public to engage with
astronomy and space science.

4.1.1 10:0

10:0 is the optical imaging component of the IO (Infrared-Optical) suite of instru-
ments. The detector is a 4096 x 4112 pixel covering a 10" x 10’ field of view. 10:0
uses a single, 12 position filter wheel. By default this wheel contains the Sloan

w'g'r’i’z" set, Bessell B and V, and a selection of Ha filters (Copperwheat et al.,
2016, Smith and Steele, |2017).

4.1.2 MOPTOP

MOPTOP is a fully optimized polarimeter for time-domain astrophysics. The in-
coming white light beam from the telescope (see Fig. is initially collimated (1);
a continuously rotating half wave plate modulates the polarization angle of the in-
coming beam (2); light is then split in two polarization states, one is transmitted
and the other reflected by the beam splitter (3). Each polarization state is then
simultaneously recorded by two low-noise fast readout cameras synchronized to the
wave plate angle (4). With the half wave plate in its initial position, the difference
between the two images equals the Stokes () parameter. The difference images at
the subsequent half wave plate position (22.5°) equals the Stokes U parameter. The
third wave plate position difference yields -QQ and the fourth -U. The sum of all the
images equals the Stokes I parameter (Shrestha et al., 2020, Jermak et al., 2016).
MOPTOP comes with a set of filters: B, V., R, I, L.

4.2 POSSIS

POSSIS (POlarization Spectral Synthesis In Supernovae) is a 3-D Monte Carlo Ra-
diative Transfer code that predicts photometric and polarimetric viewing-angle de-
pendent signatures of supernovae and KNe (Bulla, 2019), working in three dimen-
sions. The code considers a two-component (lanthanide rich and lanthanide poor)
kilonova and incorporates wavelength- and time-dependent opacities; it predict LCs
and polarimetric curve studying the interactions of photon packets with the medium.
A number of Monte Carlo quanta are created at any time-step. Each of these quanta
is assigned a location, an initial direction, energy, frequency and normalized Stokes
vector. Each packet is propagated throughout the ejecta until it interacts with
matter.
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Figure 4.1: MOPTOP schematic view. Figure from |Jermak et al., 2016\

4.3 Owur simulations and results

Our aim was optimizing the observing strategy for the optical follow-up of identified
and localized KNe to constrain the model and the viewing angle. Hereafter, a short
summary follows. For an exhaustive description regarding light curves analysis,
we refer the reader to [Appendix C| where the full paper is reported: ”Optimizing
the observation of optical kilonovae with medium-size telescopes’”; about polariza-
tion analysis, the paper is still in production, you can find perliminary results in

Section [4.3.2

4.3.1 Light curve analysis

Methods

We considered three different KN models obtained with POSSIS: one presents only a
neutrino-driven wind component, the others also have jets with two different values
of luminosity (see Fig. |4.2)).

For each of the three models, we extracted KN LCs for 11 different inclination
angles. We chose to evaluate our results considering observations in the Sloan filters
i’, v, and u’; the source distance range is 20-350 Mpc (Fig. |4.3)).

In order to find a reasonable time exposure sequence necessary to discriminate
between different KN models characterized by different viewing angles, we followed
three main steps:

a. we considered four different time exposure sequences lasting 8 hours each;
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Figure 4.2: Density (left) and Y, (right) distribution in the x - z plane for the
three models used in this study (Wind-dyn, Jet49-dyn and Jet51-dyn from top to
bottom).The modelled ejecta are taken from Nativi et al, 2021, where a neutrino-
driven wind as described in [Perego et al. 2014] was evolved assuming that either
no jet (Wind), or a jet with a luminosity of L; = 10* erg s (Jet49), or a jet
with L; = 105! erg s™' (Jet51) is launched. The wind mass is dominated by
a secular component ejected 1s after the merger with 0.072 M,. We include an
additional component to model dynamical ejecta: we adopt an idealised geometry
for this component, with a lanthanide-rich dynamical-ejecta component (Y, = 0.15
and velocities from 0.08 to 0.3c) from the grid in Dietrich et al.[2020 and selecting
the best-fit model to the KN of GW170817 (mass 0.005 M, and half-opening angle
of 30°).
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Figure 4.3: LCs for different models and viewing angles; first column refers to i filter,
second one to filter r, third to filter u; the source has a distance of 160 Mpc. Grey
area corresponds to the first day after the merger: LCs are not considered due to
the inaccuracy in estimating the opacity. The blue area corresponds to the values in
magnitude higher than the limiting magnitude of each filter, obtained with a time
exposure of 1 hour.
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Figure 4.5: Number of wrong matches as a function of distance for different filters
and different time exposure sequences (A, B, C, and D, with respectively 16, 8, 4, 2
observation windows). Since we have three models and 11 viewing angles, for each
distance and filter we have 33 comparisons.

b. for a fixed distance and filter, we added the appropriate photon counting noise
to the LC (see Fig. [£.4); in this way we created LC with noise (LCN);

c. we compared LCN with the LCs without noise and we analyzed how often we
were able to identify the correct LC; in this comparison we also considered the
cases in which there was an error on distance (either 1 or 2%), and the case
in which the distance is unknown.

A similar procedure was used to compare color curves with color curves with noise.

Results

The use of the u’ filter should be avoided, due to the high number of mismatches
with all the time window sequences considered in this work (see Fig. . Also, a
procedure with color curve is not as convenient. Alternative time window sequences
sharing the same total net exposure (8 h) and with at least four observations and a
maximum cadence of 1 d are essentially equivalent, as long as the error on distance is
< 2% (see Fig. . Consequently, we suggest to use 1-d-cadence sequence, because
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Figure 4.6: The number of wrong matches that occurs in 33 comparisons with A,
B, C, and D time exposure sequences with a known distance (blue line), with an
error of 1% on distance (yellow line), 2 % (cyan line) and without any information
about the distance and the time of the merger (orange line). Points marked with

x” refer to values that are significantly different from the best value obtained with
other time sequences.

it can be easily realized. If the distance of the source is unknown, short-cadence
(< 0.5 d) sequences are to be preferred.

4.3.2 Polarization analysis

Methods

Similarly to what was done for the simulations of light curves, we used three different
KN models and we obtained their polarization curves with POSSIS. For each of the
three models, we extracted polarization curves for 11 different inclination angles 6.
We chose to evaluate our results considering observations in filters I, R, and B; the
source distance range is 5-160 Mpc, the polarization angles ¢ in the range —90° -
+90°, with a step of 10°. Aiming to find a reasonable time exposure sequence neces-
sary to discriminate between different KN models, viewing angles, and polarization
angle, we followed the following steps:

a. We explored four different time exposure sequences. Three of them have a
total observation time of 12 hours, while the fourth intentionally offers an
extensive observation time of 48 hours over three days.

b. Using POSSIS, we generated polarization curves, which hereafter will be re-
ferred to as “PCs”, for each model, viewing angles respect to KN, distances,
filters, and angle between a fixed reference system and KN merging plane.

c. For each time exposure sequence, we calculated the expected number of pho-
tons/s that would reach the MOPTOP polarimeter from two perpendicular
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Figure 4.7: q% curves as a function of time for different models (rows), different
filters (columns), different viewing angles (colors). Black curves refer to cos 6=0.5
(we covered the yellow curve to make it easier to recognize); black points with
uncertainties are realizations of the back curves with added noise. The first day
(gray area) was ignored, due to the inaccuracy in estimating the KN opacity. The
source distance is 10 Mpc.

directions; we call the expected number of photons/s in the 2 different di-
rections Fy and Fyo. In this calculation we also considered the instrumental
polarization zeropoint (see the ”"MOPTOP technical specifications for details).

d. Subsequently, we addded appropriate photon counting noise to Fy and Fyg,
obtaining Fj noise and Fog noise- L hese noisy data are then used to obtain polar-
ization curves with noise (PCN), simulating what the telescope would observe.
This step was applied to all 33 PCs (3 models, 11 viewing angles). One may
find an example of the application of this procedure in Fig. [4.7]

e. We then compared the PCN to the noise-free PCs and analyzed how frequently
we were able to correctly identify the original PC. This comparative analysis
was carried out for each combination of distance and filter, and the process
was repeated for all 33 PCNs, compared with 1188 PCs (3 models, 11 viewing
angle, 36 polarization angles). We consider a KN undetectable if its SNR < 5.
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Preliminary results

We present the results obtained using 48 hours of observation within three days (2
hours each 0.125 days); we considered both the cases of a polarization angle of 0°
and 30°. We found that, even with this unrealistic time exposure sequence, we can
have good results only with I filter and a KN with a distance less than 10 Mpc
(see Fig. . Most of the mismatches are due to undetectable KNe; when the KN
can be detected, most of mismatches regard the polarization angle. We will extend
in the future our analysis considering a bigger collecting area, a possible error on
distance measurements, both light and polarization curves information, observations
that go beyond 4 days from the beginning of the emission, and determine the range
of values of ¢% required to constrain the KN properties.
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Figure 4.8: Number of wrong matches over 33 comparisons as a function of distance
for different filters and different polarization angles.
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Figure 4.9: Left pie: different kind of wrong matches (viewing angle 6, polarization
angle ¢, mismatch due to a wrong model; we can also have that a mismatch can be
due to 2 or all of the previous reason, or KN can’t be detected); KN distance in <
10 Mpc. Right pie: the same as the previous pie, with KN distance in < 150 Mpc.
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Conclusions

In this thesis I explored and highlighted the power of time evolution in the study
of GRBs and KNe: it is fascinating to see how much information is hidden into a
time series.

Through the simulation of GRB single-peak light curves I investigated and
characterized the THESEUS/XGIS detection capabilities. In particular, I found
that, for all the values of the peak energy E, considered in our work and for all
directions, detection both with SDD and scintillators, the detection efficiency of the
joint combination of SDD and scintillators, which is one of the key properties of the
XGIS instrument, is comparable/better than Fermi’s Gamma-ray Burst Monitor
one, also with a single XGIS unit (the peak flux necessary to have a detection
efficiency equal or higher than 90 % with one XGIS camera for an energy peak
in the range 10-1000 keV is < 0.5 ph ecm™2 s71). We also found that the optimal
performance of the considered detection algorithms is essentially unaffected by
adding a sinusoidal variable background, as the one expected for a low-inclination
orbit.

The analysis of GRB minimum variability timescale (MVT), using Swift-BAT and
Insight-HXMT data, allowed us to provide a possible indicator of the nature of
the possible progenitor (i.e., compact binary merger as opposed to collapsar) of
GRBs and about GRBs geometry. In fact, we verified that, on average, S-GRBs
exhibit considerably shorter MVT than L-GRBs (logaritmic mean of S-GRBs with
Swift-BAT data is 0.2 s, L-GRBs one is 4 s; with HXMT data they are respectively
0.1 s and 1.3 s). Moreover, the MVT distribution of short-extended emission (SEE)
GRBs is more compatible with that of S-GRBs rather than that of L.-GRBs. Instead,
the MVT distribution of SN-associated GRBs is significantly different from that of
GRBs linked to kilonova (KN) events. This puts forward a link between a compact
object merger and a short MVT. Observations of recent GRB230307A further
support this possibility: in fact, despite its long duration (Tgo = 34.56 + 0.6 s from
Fermi GBM team) this GRB displays a short MVT (28"1%ns). Indeed, circumstan-
tial evidence from the afterglow behavior as well its possible host galaxy support
the merger scenario, as indicated by potential kilonova emission reported by Levan
et al.| [2023. Concerning the subsample of L-GRBs with measured redshift, we found
that MV'T correlates with the jet angle and anti-correlates with the Lorentz factor,
the peak luminosity and the number of pulses. We can explain this if we think we
might be observing a structured jet undergoing some wobbling: this is a possibility
that is supported by state-of-the-art simulations Gottlieb et al., 2022, In this
scenario, GRBs that show shorter MVT would likely be situated within the central
part of the jet pointing toward us, resulting in higher peak luminosity and Lorentz
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factor, leading to shorter and more frequent peaks. On the other hand, GRBs
observed at the boundary between the jet core and the interface with the surround-
ing cocoon would appear less luminous, with lower Lorentz factors and longer MVT.

I finally used time-evolution models of magnitude and polarization of KNe to
optimize the capability of medium-sized telescopes to constrain the properties of
KNe. By using light curves observed with ', v/, «’ filters and 8-hour time windows
starting from the end of the first day of observation, we found that there are better
chances of constraining the kind of KN model and the viewing angle, provided
that the i and r’ filters are used. Time window sequences that provide a total net
exposure of 8 hours, including a minimum of four observations, and maintain a max-
imum observation frequency of 1 day, are essentially interchangeable, provided that
the error in distance measurements remains below 2%. As a result, we recommend
opting for a 1-day cadence sequence, given its ease of implementation. However, if
the source distance is unknown, it is advisable to prioritize short-cadence sequences,
which have observation intervals of 0.5 days or less. Regarding polarization curves,
we found that we can constrain KN properties only with [ filter and KNe with a
distance less than 10 Mpc.

The current results open up interesting future prospects: on the one hand,
new simulations of GRB prompt emission could be developed, considering events
with more than one peak and envisioning observations with two XGIS cameras
aboard the THESEUS mission concept; the relationship between MVT and the
nature of the GRB progenitor (compact object merger or the collapse of a massive
star) can be further analyzed, for instance, by searching for evidence of KNe in the
early afterglow of those events displaying a short MVT or evidence for a SN when
to rule out the merger scenario. Regarding KNe polarization, we plan to extend
our analysis by incorporating a larger telescope diameter, accounting for potential
errors in distance measurements, incorporating information from both light and
polarization curves, and determining the q% value that can effectively constrain
the properties of KNe. Finally, I developed a proposal to collaborate with the
National School Observatory of Liverpool to create an educational program aimed
at teachers and students in English high schools, involving the use of Python to
simulate GRB light curves.
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Introduction

We aim to test the efficiency of different algorithms in detecting GRB events; in particular we test light
curves trigger algorithms applied to XGIS synthetic GRB profiles as seen in a single unit.

2.

Characteristics of simulated GRBs

We start our analysis by simulating single GRB light curve profiles affected by Gaussian uncorrelated noise.

The assumed temporal profile is that of a single FRED pulse. This was done following three different steps:

a.
b.
c.

assume a given GRB spectrum;
determine background counts;
simulate light curve profiles in different energy bands as well as in the total passband.

Our single-GRB spectrum models are described by the empirical Band function with a = -1,
B =-2.3; peak energy varies in the range 2 - 1000 keV.

The photon fluence varies from 1 to 955 ph cm in the energy band 2-2000 keV, corresponding
to the energy fluence range 10 to 10™ erg cm™.

We consider 3 different GRB directions: on axis (0 deg), off axis (15deg, 30 deg), based on the
available XGIS response functions.

Using pyspec and XGIS response and ancillary files, version 7, we determine the predicted counts
for 8 contiguous energy bands reported below along with the corresponding name adopted
hereafter in the present note.

Band Energy range | Band name Bands group name
number (keV)
1 2-5 X1
2 5-10 X2 X
3 10-30 X3
XS

4 20-50 S1
5 50-100 S2

S
6 100-200 S3
7 200-400 S4
8 400-2000 S5

Table 1 The energy bands and their names as adopted in the present note
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b. Background counts are determined separately for the energy bands previously defined, always
using pyspec and XGIS response and ancillary files. This was done by setting a negligible value to
the normalisation of the GRB spectrum (10~19),

We first considered the case of a constant background. Next, we will assume a variable
background, as expected from the planned THESEUS orbit.

C. We create GRB light curves assuming a Fast Rise and Exponential Decay (FRED) profile, whose
time profile is described by the following equation:

Hereafter, we consider to=0, and a typical value for the peakedness, p = 1.3, for all energy bands
(e.g., Norris et al. 1996).
For the hardest energy channel we used the rise and decay times t,=0.5 s, t4= 1.6 s; for the other
energy bands, the corresponding rise and decay times, 1, and 1y, are calculated based on the
temporal width w(E), whose scaling with energy is modelled following Fenimore et al. 1995:

w(E) « E~04

where, E is the geometric mean of the boundary energies for a given band, given the typical
power-law piecewise shape of GRB spectra. The normalisation parameter A is determined based
on the desired counts obtained in step a.

Light curves start at -30 s and end at 80 s with an original bin time of 1 ms, and then are rebinned
to 64 ms.

As an example, we consider counts obtained with a GRB model with peak energy = 300 keV,
fluence = 10 ph cm™ on axis (0 deg). We obtained the following counts and light curves:

band GRB background
number counts counts/s
1 678.190 1500.000
2 736.826 888.670
3 624.924 519.240
4 971.742 652.360
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5 655.500 639.240
6 709.039 647.340
7 520.449 586.160
8 223.328 485.300

Table 2 Counts obtained with a GRB model with Epeak = 300 keV, fluence = 10 ph cm™, on axis.

Light curves without background, different bands

[ — 10-30 keV
501 — 100-200 keV
[ —— Sum of all bands 2-2000 keV
L d0]
E
< b
230y
2 1
c I
520:
10{
-10 -5 0 5 10 15 20 25 30
t(s)

Figure 1 Light curves obtained with a GRB model with Epeak = 300 keV, fluence = 10 ph cm?, on axis

It is possible to notice different light curve widths for different energy bands. Simulations are
carried out in the time interval from -30 to +80 s. Figure 1 shows a close in in the time interval from
-10 to 30 s to better illustrate the different time profiles of the GRB.

500
— light curve XS with background counts and noise

expected light curve XS with background counts
475

425

400 -

counts/64 ms

375

350

325

300

—20 o zo 40 60 80
time (s)

Figure 2 Total light curve XS with background counts; the same light curve affected by poissonian
uncorrelated noise
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Once we obtain the GRB light curve profiles, we add the background counts, to which the
corresponding Poisson noise is added. The results are shown in Figure 2. The final step of
background subtraction is required by MEPSA, which assumes uncorrelated Gaussian noise.
This assumption holds true as long as the number of counts per bin is large enough to ensure
the Gaussian limit.

3. Short description of MEPSA algorithm

“MEPSA” algorithm (multiple excess peak search algorithm; Guidorzi 2015) aims at identifying peaks
within a uniformly sampled time series affected by uncorrelated Gaussian noise.

It scans the time series at different timescales by comparing a given peak candidate with a variable
number of adjacent bins. In particular, MEPSA searches the input light curves for peaks by applying
simultaneously a  multi-pattern set of excesses, i.e. a set of N=39 patterns.
The series must be either background-subtracted, or removed of possible trends, so that changes in the
expected value should only be due to signal and not to background.

For each bin of the light curve, let ri the rate in the ith bin. A given pattern P (k=1,...,N) consists of a fixed
number of adjacent bins around the given jith bin: around i there are a given ni,leftward bins (which
temporally precede the ith bin) and ni, rightward bins (which temporally follow the ith bin). The pattern
assigns each of its bins, except for the jith bin, a threshold vi;(j=1,...,ni+nk,) in terms of number of o’s
(where o is the statistical noise corresponding to that bin).

Pattern Py is then said to be fulfilled by bin i when the following conditions are simultaneously fulfilled:

Ty =1 2 Uk (joink 1410 = 1= Ngp e, i — 1)
Tp =71 2 Uk (j—itnk,l) gy’ G=i+1,..,i+ng,)

where o, = (0;% + 0;%)*/2. Each pattern has different numbers of leftward and rightward bins; these
numbers vary from 1 to 5. Each pattern has also different threshold values; they vary in a range from 0
to 5.

For each bin i the search is performed by applying simultaneously a set of 39 different patterns (k=1,...,39)
and the i-bin is promoted to peak candidate if at least one pattern is fulfilled. The complete set of
threshold values vk,j currently adopted is reported in Guidorzi (2015).

When the entire light curve has been screened, the whole procedure is repeated to rebinned versions of
the same curve, each time increasing the rebinning factor by one up to a maximum value established by
the user.

4. MEPSA detection efficiency with constant background

We test MEPSA efficiency using light curves with different energies peaks, different GRB directions,
different fluences.
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We consider that a peak is detected by MEPSA when the estimated peak time (t» ) lies in time window [-
T, T4) of the third energy band.

Since 1,=0.5 s, T4= 1.6 s for the hardest band and ty=0, considering that the temporal width w(E) is
proportional to E%4, the requirement above translates into the following: -2.4s<tp<7.75s.

Every simulated light curve lasts 110 s and we made 100 simulations for every kind of configuration
characterised by a given set of values for the three defining properties (fluence, energy peak, direction).

4.1 Efficiency with different peak energies, for different fluences
We analyse MEPSA efficiency as a function of peak energy for 5 different fluences: 1, 5, 10, 50, 100
photons cm.

- Fluence (2-2000 keV)= 1 photon/cm? - Fluence (2-2000 keV)= 10 photons/cm? - Fluence (2-2000 keV)= 100 photons/cm?
Fluence (2-2000 keV)= 5 photons/cm? +  Fluence (2-2000 keV)= 50 photons/cm?
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Figure 3 MEPSA efficiency as a function of peak energy for 5 different fluences at different directions,
with detection in different bands
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4.2 Best results among the different bands

We determined, for different energy peak values, the best result achieved among the different bands. As

an example, we present the results obtained with a fluence of 10 ph cm™.
Odeg 15deg 30deg
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T # 8§
% 50 . & = :
@ 40
g 30
20
10 :
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Figure 4 The best results among bands, with a fluence = 10 ph cm™

First of all, it is no wonder that, at low peak energies, the use of X bands alone performs better than using

all bands. Analogously, at high peak energies the S bands alone work better than using all the bands. From
Figure 4 it is also possible to see how the detection efficiency as a function of peak energy depends on

the direction.

4.3 Efficiency for different configurations

We study the MEPSA efficiency as a function of the photon fluence for four different values of the peak

energy. The photon fluence, in ph cm?, is reported in both 2-2000 keV and 50-300 keV energy bands, to

allow for a more straightforward comparison with the analogous sensitivity curves of other past and
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Figure 5 MEPSA efficiency as a function of the photon fluence, Epeak=10 keV
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Figure 6 MEPSA efficiency as a function of the photon fluence, Epeak=100 keV
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Figure 7 MEPSA efficiency as a function of the photon fluence, Epeak=300 keV
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Figure 8 MEPSA efficiency as a function of the photon fluence, Epeak=1000 keV

4.4 Efficiency as a function of peak flux for different peak energies

We express the results as a function of peak fluxes.
To convert fluence into peak flux, for a particular fluence and energy peak, we consider the total light

curve and we determine the 1 s interval that maximises the number of counts; then renormalise the
fluence 2-2000 keV based on the ratio between the peak counts in the 1-s interval and the total counts.
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Figure 9 MEPSA efficiency as a function of the peak photon flux, Epeak=10 keV
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Figure 11 MEPSA efficiency as a function of the peak photon flux, Epeak=300 keV
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Figure 12 MEPSA efficiency as a function of the peak photon flux, Epeak=1000 keV
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4.5 False positive rate

Figure 13 shows on the x axis the peak energy, on y axes the number of false positive (#FP) rate that
were found in a particular configuration. We consider a peak a false positive when detected at the
wrong time (out of the range -2.4 s < tp < 7.75 s, as explained in Section 4) or if we have 2 or more wrong
peaks in a simulation. For each configuration, we make 100 simulations of 110 s each, rebinned to 64
ms, so we have 171875 bins for each configuration.

+  Fluence (2-2000 keV)= 1 photon/cm? +  Fluence (2-2000 keV)= 10 photons/cm? +  Fluence (2-2000 keV)= 100 photons/cm?
+  Fluence (2-2000 keV)= 5 photon/cm? +  Fluence (2-2000 keV)= 50 photons/cm?
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Figure 13 The number of false positives (#FP) as a function of the peak energy, for different fluences, different
bands, different directions
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Figure 14 The number of false positives (#FP) as a function of the peak flux, for different peak energies, different
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4.6 Signal to noise ratio (SNR)

We consider Epeak = 300 keV; we compare MEPSA results with the results we obtain when we adopt an
alternative and simple algorithm based on a theireshold above background equivalent to SNR > 7. In

particular:
- we consider the Norris pulse associated with each simulation, and we summed all the counts in

FWHM;
- we generate a poissonian distribution which has the counts in FWHM as expected value, another with

the respective background as expected value;
- we take into account 100 simulations, so we obtained 100 different SNR and we consider that the

pulse is detected if SNR >7.
From the comparison we can see to which extent MEPSA perform better than a discriminator on SNR >

7.
We obtain the following results:
Odeg, Epeak=300keV 15deg, Epeak=300keV 30deg, Epeak=300keV
Fluence 50-300 KeV (photons/cm?) Fluence 50-300 KeV (photons/cm?) Fluence 50-300 KeV (photons/cm?)
10° 10! 10° 10! 10° 10!
100%r e T SRR R S e O R Tl
o R “=-y P e R ~
90% ! 3 ‘ 3 -
l’ | !/ ! II
80% / - i -
/ | ]
> 70%F f r t
& ’ | i/
G 60%r — ! f
5 o ,f s
S so%r - . j ,,
) ko ! i
T 40%r t r { t r 2
] ! ! H I
2 | ! i ] '
o 30%r { r s r i1
] “ }
20%r ! | L / L vl
) H /’ ,’ "" 1
10%+ «  MEPSA F / ‘ s MEPSA t «  MEPSA
SNR>7, g ! SNR>7, | SNR>7,
0% §—es-s—s *  signal = counts in FWHM f & ———e——o-—o—4 °  signal = counts in FWHM & o ° signal = counts in FWHM
L L . L I e S R BT L P R S S
10 102 10° 10! 102 10° 10 102
Fluence 2-2000 keV (photons/cm?) Fluence 2-2000 KeV (photons/cm?)

I
10°
Fluence 2-2000 keV (photons/cm?)

Figure 15 MEPSA detection efficiency compared with that obtained considering a peak detected if SNR >7; peak
energy = 300 keV, XS bands
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5. Variable background analysis

In order to refine our analysis and make our simulations more realistic, we are going to consider a
variable background. In particular we simulate a background modulation along the orbit assuming a
simple sinusoidal shape with 0.1 fractional amplitude, an orbital period of 6000 s, and random phase
(Campana, private communication), as expected for a low-inclination orbit.

Once we obtained the GRB light curve with Norris profiles (paragraph 2.c), we added the background
sinusoidal counts; then we added uncorrelated Poisson noise.

Since MEPSA works with background-subtracted curves, we preliminarily interpolated the background.
To this aim, we model the light curves affected by statistical noise with a second degree polynomial and
iteratively remove the counts in excess of the interpolated background by > 2 sigma, until no more bins
are rejected.

As an example, we use a GRB model with peak energy = 300 keV, count fluence = 4.17 ph cm? in the
range 2-2000 keV, corresponding to 5.26x107 erg cm™ in 2-2000 keV and to 5x107 erg cm™ in 20-2000
keV, 15 deg direction.

Figure 15 shows the resulting light curves from top to bottom in the total, S, #6, and X band, respectively,
with 64-ms bin time. Figure 16 shows the same light curves with a bin time of 1.024 s.

By running MEPSA on the consequent background-subtracted light curve, it detected the peak in all of the
above light curves, except for the X one alone.
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Figure 16 Light curves obtained with a GRB model with peak energy = 300 keV, photon fluence = 4.17 ph
cm™ in the range 2-2000 keV, 15 deg direction; from top to bottom in the total light curve, S bands, #6
band, X band, respectively, with 64-ms bin time.
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Figure 17 Light curves obtained with a GRB model with peak energy = 300 keV, photon fluence = 4.17 ph
cm in the range 2-2000 keV, 15 deg direction; from top to bottom in the total light curve, S bands, #6
band, X band, respectively, with 1.024 s bin time.
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We make a comparison between the results obtained with variable and constant background, analysing
the case of Epeak = 300 keV. It is immediate to notice that we have the same detection efficiency with a

30deg, Epeak=300keV, XS bands

variable and constant background.
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Figure 18 A comparison between detection efficiency obtained with simulations with a constant background and
with a variable background modulation assuming a simple sinusoidal shape with 0.1 fractional amplitude, an
orbital period of 6000 s, and random phase. We consider Epeak= 300 keV, XS bands, different directions
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Figure 19 A comparison between detection efficiency obtained with simulations with a constant background
and with a variable background modulation assuming a simple sinusoidal shape with 0.1 fractional amplitude,
an orbital period of 6000 s, and random phase. We consider Epeak= 300 keV, S bands, different directions
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Figure 2016 A comparison between detection efficiency obtained with simulations with a constant background
and with a variable background modulation assuming a simple sinusoidal shape with 0.1 fractional amplitude,

an orbital period of 6000 s, and random phase. We consider Epeak= 300 keV, X bands, different directions.

6. Further development

Here we discuss possible further improvements and developments that can be addressed in future

investigations.
6.1.  Pattern selection
We analysed the different patterns used by MEPSA to detect peaks and we make a comparison between

patterns used to detect true and false peaks, as you can see in Figure 21.
Noticeably, pattern #26 detects a relatively small number of true peaks at the high cost of many more

false ones than the other criteria do, so one might consider the possibility of disabling it.

The line of reasoning can be applied to patterns #27, #34, #36, #37, #38.
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Figure 21 A comparison between patterns used to detect true and false peaks. At the top of the panel,

different results for different fluences; for fluence=1 ph cm one can see a not so different result with true

and false peak patterns. For higher fluences, one can see that pattern #26 detects many false peaks

without detecting a big quantity of true ones.

6.2.

Analysis with different characteristics of simulated GRBs

We plan on extending our analysis by changing the characteristics of the simulated GRBs: e.g., (i) by

modifying the rise and the decay times, (ii) by considering light curves with more than one peak.

6.3.

Analysis using individual bands

Another aspect worth a deeper investigation is the analysis of MEPSA detection efficiency using single
bands, rather than using S, X, XS bands.
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ABSTRACT

Context. There has been significant technological and scientific progress in our ability to detect, monitor, and model the physics
of y-ray bursts (GRBs) over the 50 years since their first discovery. However, the dissipation process thought to be responsible for
their defining prompt emission is still unknown. Recent efforts have focused on investigating how the ultrarelativistic jet of the
GRB propagates through the progenitor’s stellar envelope for different initial composition shapes, jet structures, magnetisation, and,
consequently, possible energy dissipation processes. Study of the temporal variability — in particular the shortest duration of an
independent emission episode within a GRB — may provide a unique way to distinguish the imprint of the inner engine activity from
geometry and propagation related effects. The advent of new high-energy detectors with exquisite time resolution now makes this
possible.

Aims. We aim to characterise the minimum variability timescale (MVT) defined as the shortest duration of individual pulses that
shape a light curve for a sample of GRBs in the keV-MeV energy range and test correlations with other key observables such as the
peak luminosity, the Lorentz factor, and the jet opening angle. We compare these correlations with predictions from recent numerical
simulations for a relativistic structured — possibly wobbling — jet and assess the value of temporal variability studies as probes of
prompt-emission dissipation physics.

Methods. We used the peak detection algorithm MEPSA to identify the shortest pulse within a GRB time history and preliminarily
calibrated MEPSA to estimate the full width at half maximum duration. We then applied this framework to two sets of GRBs: Swift
GRBs (from 2005 to July 2022) and Insight Hard Modulation X-ray Telescope (Insight-HXMT) GRBs (from June 2017 to July 2021,
including the exceptional 221009A). We then selected 401 GRBs with measured redshift to test for correlations.

Results. We confirm that, on average, short GRBs have significantly shorter MVTs than long GRBs. The MVT distribution of short
GRBs with extended emission such as 060614 and 211211A is compatible only with that of short GRBs. This is important because
it provides a new clue concerning the progenitor’s nature. The MVT for long GRBs with measured redshift anti-correlates with peak
luminosity; our analysis includes careful evaluation of selection effects. We confirm the anti-correlation with the Lorentz factor and
find a correlation with the jet opening angle as estimated from the afterglow light curve, along with an inverse correlation with the
number of pulses.

Conclusions. The MVT can identify the emerging putative new class of long GRBs that are suggested to be produced by compact
binary mergers. For otherwise typical long GRBs, the different correlations between MVT and peak luminosity, Lorentz factor,
jet opening angle, and number of pulses can be explained within the context of structured, possibly wobbling, weakly magnetised

relativistic jets.

Key words. radiation mechanisms: non-thermal — relativistic processes — gamma-ray burst: general — stars: jets

* Full Tables 1, 2, and 5 are only available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via
https://cdsarc.cds.unistra.fr/viz-bin/cat/]/A+A/671/A112
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1. Introduction

The prompt emission of y-ray bursts (GRBs) is the first ener-
getic and short-lived electromagnetic messenger produced by
a relativistic jet that forms in at least two classes of pro-
genitors: (i) binary compact object mergers, where at least
one of the two components is thought to be a neutron
star (NS; Eichler et al. 1989; Paczynski 1991; Narayan et al.
1992); and (ii) collapsars, massive stars whose core collapses
into a compact object, which powers a relativistic jet that
breaks out of the stellar envelope (Woosley 1993; Paczynski
1998; MacFadyen & Woosley 1999). Most GRBs of the former
(latter) class have a typical duration of a few 0.1s (> several
seconds) and are therefore referred to as ‘short’ (‘long’), here-
after SGRBs (LGRBs). The discovery of so-called soft extended
emission short GRBs (hereafter SEE-SGRBs; Norris & Bonnell
2006), that is, GRBs whose duration is formally long (Tgy > 2s,
usually taken as the boundary), but whose profile includes an
initial hard subsecond spike followed by a several-second-long-
lived soft tail, and for which evidence points to class (i), empha-
sised that duration alone can occasionally be misleading (e.g.
Amati 2021). The occurrence of baffling SEE-SGRBs, such as
060614 (Gehrels et al. 2006; Della Valle et al. 2006; Fynbo et al.
2006; Jin et al. 2015) and the recent 211211A (Rastinejad et al.
2022; Gompertz et al. 2023; Yang et al. 2022; Troja et al. 2022;
Xiao et al. 2022), shows that events of class (i) may exhibit time
profiles that further challenge and elude this picture. Opposite
cases of apparent SGRBs that instead belong to class (ii) have
also been identified (Ahumada et al. 2021; Zhang et al. 2021;
Rossi et al. 2022), so in hindsight the emerging picture raises the
issue of a contamination between the two classes that is poten-
tially more widespread than believed so far, purely based on time
profiles. Consequently, to avoid confusion and adopting previous
suggestions (Zhang 2006; Zhang et al. 2007; Kann et al. 2011;
Tsvetkova et al. 2017), when talking about the progenitor case,
hereafter we refer to (i) and (ii) candidates as Type-I and Type-II,
respectively.

Many open and intertwined issues still enshroud the GRB
prompt emission, including the question of which source of
energy turns into y-rays between bulk kinetic or magnetic. One
may also seek to determine by which dissipation process they are
ruled, the composition of the relativistic jet, and at what distance
from the inner progenitor the dissipation takes place.

Among the distinctive properties are the variety and
complexity of GRB light curves (LCs), which manifest as
a wide range of variability over several timescales. While
this complexity likely retains a wealth of information, a full
understanding has yet to be found. This variability can be
the result of several different contributions: (a) inner engine
activity both in terms of short timescales and number of peaks
(Kobayashi et al. 1997); (b) propagation of the relativistic flow
through the stellar envelope, which in turn also depends on (c)
the jet composition (Gottlieb et al. 2019, 2020a,b, 2021a,b);
(d) geometry: structure of the jet and angle of the observer,
Bobs, With respect to the opening angle of the jet core, 6; (e.g.
Salafia et al. 2016); and (e) a possible precessing or wobbling
jet (Portegies Zwart et al. 1999; Portegies Zwart & Totani 2001;
Fargion 2001; Reynoso et al. 2006; Lei et al. 2007; Budai et al.
2020), as suggested by state-of-the-art, 3D, general-relativity-
magnetohydrodynamic (GRMHD) simulations (Gottlieb
et al. 2022a.

Numerous definitions of GRB variability have been put
forward in the literature, aimed at quantifying the net vari-
ance of the GRB signal once the contribution of the noise due
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to counting statistics (hereafter statistical noise) is removed.
This was done either by summing the contributions of all
timescales after excluding some kind of trend (e.g. Reichart et al.
2001; Fenimore & Ramirez-Ruiz 2000) or decomposing the sig-
nal variance over a timescale base. In the latter case, the
decomposition can be done either in time (Li 2001; Margutti
2009; Margutti et al. 2011) or frequency domain, based on
either Fourier analysis (Guidorzietal. 2016; Dichiara et al.
2016) or wavelets (Golkhou & Butler 2014, hereafter GB14;
Golkhou et al. 2015; Vianello et al. 2018). In spite of the scat-
ter, variability was found to correlate with peak luminosity for
LGRBs (Fenimore & Ramirez-Ruiz 2000; Reichart et al. 2001;
Guidorzi et al. 2005), although the slope can vary remarkably
depending on the definition of variability and other aspects
(Guidorzi et al. 2006).

A related way to characterise the variability is the identifica-
tion of the minimum variability timescale (MVT)', which is the
shortest timescale on which uncorrelated power is found to be in
significant excess of the statistical noise as well as of the corre-
lated signal due to the overall temporal shape of the GRB LC. In
principle this quantity helps to constrain the emitting region size
and the activity of the inner engine and could help identify the
different contributions (a)—(e) listed above, especially when it is
studied in conjunction with other key properties.

The two classes of SGRBs and LGRBs have partially over-
lapping, but different, MVT distributions, with median rest-
frame values of 10 and 45 ms, respectively, and very few (<10%)
with ms MVT (Golkhou et al. 2015; see also MacLachlan et al.
2013). The MVT of LGRBs was found to correlate with the
bulk Lorentz factor I'y (Sonbas et al. 2015) estimated from the
early afterglow peak, whenever this is due to the deceleration of
the relativistic jet in the thin shell regime (Sari & Piran 1999;
Molinari et al. 2007).

A drawback of most definitions lies in the meaning itself
and how this is to be interpreted: while connections are some-
times found with simple properties, such as the individual pulse
rise time (MacLachlan etal. 2012), the interpretation is not
straightforward. This is partly due to the complexity of the GRB
signal, which is short-lived, highly non-stationary, and occasion-
ally has an evolving power density spectrum (e.g. Margutti et al.
2008). A common feature of most definitions of MVT is that the
identification of one or more temporal structures associated with
MVT relies on their relative weight in the total net variance of
the GRB LC. As a consequence, a given spike could be identi-
fied or not, depending on its impact on the time-averaged power
density spectrum.

In this paper, we adopted an alternative approach that builds
on a simple definition of MVT as the full width at half maximum
(FWHM) of the shortest (statistically significant) peak (hereafter
FWHM,,in). The identification of statistically significant peaks
is done using the sensitive and well-calibrated algorithm MEPSA
(Guidorzi 2015). A similar idea, based on the identification of
individual pulses within a GRB, was already proposed in the
past (Bhat et al. 2012; Bhat 2013), but it was not explored any
further. This approach has three main advantages: (1) the inter-
pretation is straightforward; (2) it is related directly to a specific
temporal structure within the overall GRB time profile and, as
such, the probability of it being identified does not depend on
its relative weight within the total variance of the GRB; and (3)
a careful evaluation of how the measure of MVT is affected by
the signal-to-noise ratio (S/N) is feasible and, consequently, of
the impact on the correlations involving MVT. To this aim, we

! Shortened to “MTS” in some papers.
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Table 1. First 10 GRBs of Swift sample.

GRB name FWHM,;, (s) Too (s) z Npeaks  Type
050117 0.81070280  166.648 £2.423 - 15 L
050124 1.009%03% 3.936 +2.012 - 2 L
050126 9.0637313%  48.000+£22.627 1290 1 L
050128 0.296*0092 28.000+9.055 - 7 L
050202 <0.103700%¢  0.112+0.031 - 1 S
050215A 6.238'218  66.412+5307 - 1 L
050215B 4.384%1216 11.044 £3.931 - 1 L
050219A 74327250 23812+2258 0211 1 L
050219B 0.770%03%¢  28.720+7.120 - 4 L
050223 2351883 22.680+4.481 0592 1 L

Notes. This table is available in its entirety in machine-readable form at the CDS.

carried out our analysis using two GRB catalogues with comple-
mentary energy passbands: the first GRB catalogue (Song et al.
2022) of the Insight Hard X-ray Modulation Telescope (Insight-
HXMT; Li 2007; Zhang et al. 2020) and that of the Burst Alert
Telescope (BAT, 15-150 keV; Barthelmy et al. 2005) aboard the
Neil Gehrels Swift Observatory (Gehrels et al. 2004).

The HXMT, named ‘Insight’ after launch on June 15, 2017,
is the first Chinese X-ray astronomy satellite. Its scientific pay-
load consists of three main instruments: the Low Energy X-ray
telescope (LE; 1-15keV; Chen et al. 2020), the Medium Energy
X-ray telescope (ME; 5-30keV; Cao et al. 2020), and the High
Energy X-ray telescope (HE; Liu et al. 2020). The HE consists
of 18 Nal/Csl detectors which cover the 20-250keV energy
band for pointing observations. In addition, it can be used as
an open sky GRB monitor in the 0.2—3 MeV energy range. The
unique combination of a large geometric area (~5100 cm?) and
of continuous event tagging with timing accuracy <10 us, makes
HXMT/HE an ideal instrument to study MVTs with GRBs. In
this work, we investigated this possibility by carrying out a sys-
tematic analysis of the data acquired with HE, which was used
as an open sky y-ray monitor.

Section 2 describes the GRB samples; the data analysis
is reported in Sect. 3, whereas results are in Sect. 4. We
discuss the implications in Sect. 5 and conclude in Sect. 6.
Hereafter, we assume the latest Planck cosmological parame-
ters: Hy = 67.74kms™! Mpc’l, Q. = 0315, Q\» = 0.685
(Planck Collaboration VI 2020).

2. Data set
2.1. Swift/BAT sample

We considered all GRBs detected by Swift/BAT in burst mode
from January 2005 to July 2022. We extracted the mask-
weighted LCs in the 15-150keV energy band following the
standard procedure recommended by the BAT team?® with a set of
different uniform bin times: 1, 4, 64, and 1000 ms. We excluded
all the GRBs whose LCs were not entirely covered in burst
mode. We then systematically applied MEPSA to each of the

2 https://swift.gsfc.nasa.gov/analysis/threads/bat_
threads.html

LCs. For each GRB, the FWHM,,;;;, was determined through the
procedure described in Sect. 3. Finally, we ignored the GRBs
for which either the FWHM,,;, or Tgy is not significant. The
final sample of GRBs includes 1291 GRBs (Swift sample here-
after). For 21 GRBs only an upper limit on the FWHM;,
was derived. We also considered the duration of each GRB
(expressed in terms of Tgg) using the values by Lien et al. (2016),
which cover up to October 2015. For the remaining GRBs we
adopted the values reported by the BAT team through dedicated
BAT refined Gamma-ray Coordinates Network (GCN) circu-
lars®. For about one third of the sample (401/1291) the redshift is
known.

Although a lower threshold was suggested for Swift
(Bromberg et al. 2013), we take the value of 2s as an approx-
imate boundary between S- and LGRBs, in line with the tra-
ditional division (Kouveliotou et al. 1993) and with the choice
of Swift team members (D’ Avanzo et al. 2014). In this way, we
obtained 78 SGRBs. In addition, the sample includes 24 SEE-
GRBs*. The overall sample consists of 102 Type-I GRBs, that is
8% of the whole sample. Table 1 reports the data.

2.2. Insight-HXMT/HE sample

We considered all GRBs detected by Insight-HXMT/HE from
June 2017 to June 2021, as catalogued by the Insight-HXMT
team (Song et al. 2022). Since HE continuously acquires data
in event mode, it has no trigger logic on board. For each GRB,
whenever the GRB was detected in common by other experi-
ments, such as Swift/BAT or Fermi/GBM, we took the trigger
time provided by them as the GRB start. Differently, we deter-
mined the start time by visual inspection of the HE LC.

For each GRB, we extracted the event files and auxiliary files
including time-resolved information about the detectors’ dead
time, spacecraft’s attitude, and the position, within a time win-
dow from —300 to 300s around the GRB time. Using the HE

3 https://gcn.gsfc.nasa.gov/gcn3_archive.html

4 They are: 050724, 051227, 060614, 061006, 061210, 070714B,
071227, 080503, 090510, 090531B, 090715A, 090916, 110402A,
111121A, 150424A, 160410A, 161129A, 170728B, 180618A,
180805B, 181123B, 200219A, 211211A, 211227A.
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units as an open-sky monitor, for each of the 18 HE detectors,
we extracted a set of LCs with the same bin times as for the
Swift sample (i.e. 1, 4, 64, and 1000 ms) selecting only the Csl
events, as was done in Song et al. (2022). The LCs include dead-
time corrected counts within the total energy passband from all
18 HE detectors summed together. The total energy passband
depends on the HE operation mode:

— normal mode: 80—-800keV;

— GRB mode (low gain): 200—3000 ke V.
We analysed 21 GRBs’ separately; due to their very intense peak
count rates, the onboard electronics of at least one physical data
acquisition unit (PDAU; see Liu et al. 2020 for details) were
temporarily unable to keep up with the exceptional rate of events
to be recorded (see Xiao et al. 2020; Song et al. 2022 for details).
We restricted our analysis to the time windows where no PDAU
was saturated. For these GRBs, we consequently ended up with
upper limits on the FWHM,;,. In the following, we consider the
LCs summed over the 18 detectors.

The background was estimated in two independent ways: (i)
through interpolation with a maximum of a third-degree poly-
nomial within two time windows, preceding and following the
GRB, respectively (the size of each time window varies for dif-
ferent GRBs and had to be determined by visual inspection);
and (ii) by iterative interpolation of a unique time interval that
includes both time windows used in (i) as well as the GRB inter-
val. At every iteration, all the time bins whose counts exceeded
the interpolated signal (where o is the corresponding Poisson
uncertainty) by >2¢ are rejected. Iterations stop when no fur-
ther bins are rejected. This iterative procedure was applied to the
1-s LC, and the resulting background model was then properly
renormalised to the LCs with different bin times. To determine
which of the two outcomes is to be used for each GRB, we cal-
culated the null hypothesis probability (NHP) associated with a
two-tail y? test applied to the residuals of each LC with respect
to each background model and chose the more probable one,
provided that NHP was >1%.

With the exception of the saturated GRBs, we used the Ty
values reported for the GRBs belonging to golden and silver
samples of the HXMT GRB catalogue (Song et al. 2022). For
the saturated sample, we used the Tgy as reported on Konus-
Wind, Fermi-GBM, and Insight-HXMT GCN circulars. If dif-
ferent estimates of Ty were provided by different experiments
for a given GRB, we conservatively used a mean and an error
that include all the values.

We decided to include the recent, exceptionally bright
221009A (Dichiara et al. 2022). Since it repeatedly saturated
the electronics of Insight-HXMT/HE (Ge etal. 2022), we
provided an upper limit on the FWHM,;, as for the other sat-
urated GRBs. We estimated Ty using the data of BepiColombo-
MGNS in the 280-460 keV passband, which has one of the few
unsaturated and publicly available time profiles (Kozyrev et al.
2022). The 2-s time resolution is too coarse to constrain the
MVT, but it is enough for the Tgy, given the very long dura-
tion. The background was interpolated linearly using the inter-
vals —900s<¢r<100s and 670s<¢<1600s, with ¢+ measured
since 13:15:26.90 UTC.

5 They are 171011B, 180113B, 180113C, 180218A, 180720B,
180914B, 181222B, 190103A, 190114C, 190305A, 190411A,
190415A, 190530A, 190606A, 190706C, 190928A, 191025B,
191227B, 201016A, 201227A, and 221009A. 200415A saturated the
electronics too, but it was not considered as it is probably an extragalac-
tic magnetar giant flare; (Yang et al. 2020; Fermi-LAT Collaboration
2021; Roberts et al. 2021; Svinkin et al. 2021).

Al12, page 4 of 18

D A&A 671, A112 (2023)

Finally, we systematically ran MEPSA on all the LCs and
applied the procedure described in Sect. 3 to determine the
FWHM,,;, of each GRB as we did for the Swift sample
(Sect. 2.1). Unlike for the BAT LCs, for which the Gaussian-
noise regime is ensured by the fact that the rates are linear com-
binations of several thousands of independent detectors, in the
case of the 1-ms LCs summed over all the 18 HE detectors the
mean counts per bin amount to <10. Hence, the Gaussian-noise
assumption is only approximately matched. To partially account
for this deviation and use a more conservative estimate of the
variance of a Poisson variate for small numbers, we corrected
the uncertainties following the prescriptions by Gehrels (1986).

We ignored the GRBs with non-significant values for either
FWHM,,i, or Tyo, as we did with the Swift sample. The final
sample of Insight-HXMT/HE includes 212 GRBs, 25 of which
were detected in GRB mode, while the remaining ones in normal
mode. Hereafter we will refer to them as the HXMT sample. For
14 GRBs, only an upper limit on the FWHM,,;, was obtained.
Taking the value of 2s as an approximate boundary between
SGRBs and LGRBs, we find that 24 are SGRBs, while two are
SEE-GRBs. Thus, 26 are Type-I GRBs, which corresponds to
12% of the total. This result shows that Insight-HXMT is more
effective in detecting short hard GRBs than Swift (7%; Sect. 2.1).

For six GRBs, the redshift is known. There are 44 GRBs that
were detected by Swift/BAT and Insight-HXMT and for which
a comparative analysis of our results is feasible and done in
Sect. 4.2. Data are reported in Table 2.

3. Data analysis

We applied MEPSA to the dataset described in Sect. 2 in order to
obtain the FWHM,;,. In particular, for each GRB, we started
from the 64-ms LC. A detected peak is considered a candi-
date when it satisfies the following two conditions: (i) S/N >
S /N'(nAi;), where the threshold depends on the LC bin time At; (ii)

Atger > Atﬁf}min, where Afge is the so-called detection timescale,
a MEPSA parameter which defines the bin timescale that opti-
mises the peak identification (Guidorzi 2015). Both sets of
thresholds are reported in Table 3. Requirement (ii) is to ensure
that the bin time is short enough to resolve the temporal struc-
ture: the duration of the peak must be greater than the size of
the bin. This is the reason for setting the threshold to twice the

corresponding bin time: Atfﬁf?mi . = 2At. The different thresh-
old values on the S/N for different At were calculated to keep
the number of expected statistical fluctuations being classified
as genuine peaks approximately constant: the shorter At and the
correspondingly larger number of bins to be screened that span
a given time interval.

We decided to start with Az = 64 ms and systematically
avoided research with finer resolutions because preliminary
attempts showed that the number of peak candidates was higher
than expected, especially in the HXMT data. The reason behind
this behaviour is the presence of sub-millisecond spikes caused
by the electronics repeatedly counting the large signal deposited
by energetic cosmic rays (Wu et al. 2022). Whenever only (i)
is fulfilled, we move to a finer time resolution (i.e. 4 ms and
then 1ms if necessary) and look for the same peak until both
(i) and (ii) are satisfied; if (i) and (ii) are never satisfied, an
upper limit on the FWHM,;;, is taken from the finest timescale
for which (i) is satisfied. When no peak is found at 64 ms that
fulfils both (i) and (ii), we move to the Ar = 1s. If no quali-
fied peak is found, the GRB is discarded because of poor S/N.
Figure 1 shows a schematic description of the procedure. The
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Table 2. First 10 GRBs of Insight-HXMT sample.

GRB name FWHM,;, (s) Too (s) z Npeaks  Type
170626A 0.097+293 12690 +0.081 - 4 L
170626B 1969088 6.511+1.120 - 2 L
170705A 0.784*0211  18.460+6.340 2010 1 L
170708A 0.041%00M  0200+0.022 - 1 S
170712A 1.188*04ll 8511+ 1.119 - 1 L
170718A 6.802*23%3  24.160+3.322 - 1 L
170726A 0.14970031  22.871+0.901 - 8 L
170728B <0.2757000% 16860 £2.371 - 2 L
170801A 0.0215007  0.460+0.750 - 1 S
170802A 0.03370012 0.820+0.014 - 2 S

Notes. This table is available in its entirety in machine-readable form at the CDS.

Table 3. Thresholds on S/N and on Aty corresponding to the different
bin times that were adopted to determine the FWHM ;.

Bin time A7 (ms)  S/NY ALY - (ms)
1 7.0 2

4 6.8 8

64 6.4 128
1000 6.0 2000

FWHM of each peak is estimated through the calibrated relation
based on the combination of S/N and Az (see Appendix A for
details).

4. Results

4.1. Comparison between FWHM,,;, and other minimum
variability timescale metrics

Our choice of adopting the FWHM,;, as an indicator of the
MVT of a given GRB LC in principle represents a different
definition than other ones that appeared in the literature. In par-
ticular, the most distinctive feature of FWHM,,;i, is that the dura-
tion of a possible, statistically significant, narrow pulse can be
enough to qualify it as the MVT, irrespective of its impact on
the overall variance of the GRB profile and for its physical
impact. Nevertheless, it is worth exploring how the FWHM,
correlates with other metrics. To this aim, we selected a com-
mon sample of 467 BAT GRBs, for which GB14 estimated
the MVT. Both GB14’s and our estimates are derived from the
same BAT data. Figure 2 shows the comparison between the
FWHM,,;, and the corresponding MVT estimated by GB14,
with equality shown by a solid line. The two metrics evi-
dently correlate over four decades, with some scatter around
equality: this result proves that, although strongly correlated,
the two metrics are not completely interchangeable, with a
sizeable fraction of cases for which they differ by up to one
decade.

4.2. FWHM,, as a function of energy

Figure 3 shows the comparison of the FWHM,,;, as measured
with both Insight-HXMT and Swift/BAT using the common sam-
ple of 44 GRBs, three of which only have an upper limit on
the FWHM,y,;, available. The distribution of the logarithm of the
ratio between the two measures is approximately normal, with
the mean value and standard deviation corresponding to a multi-
plicative factor of 2 and 3, respectively. Hence, the FWHM,y;, as
measured with Swift is on average twice as long as that measured
with Insight-HXMT. This is similar to the result obtained by
Golkhou et al. (2015) from the comparison between Fermi/GBM
and Swift/BAT, as one should expect due to the narrowing of
pulses with energy.

Additionally, we can constrain the power-law index « of the
relation FWHM(E) « E~“, where E is the geometric mean of
the boundaries of the energy passband. To this aim, for each
GRB in the common sample we did not restrict to the short-
est pulse of each GRB, instead we calculated « considering the
FWHM of the different peaks as detected with MEPSA in both
HXMT and BAT data. The identification of the same peak, as
seen in the two LCs, is assessed through the temporal coinci-
dence within uncertainties. We identified 93 peaks, four of which
were in SGRBs. For the energy values, we used the geomet-
ric mean of the boundaries of the corresponding energy bands
(15-150keV for BAT, 80-800keV for HXMT normal mode,
200-3000keV for HXMT GRB or low-gain mode; HXMT
energy bands refer to the deposited energies of incident photons).
We find @mean = 0.45+0.08, amedian = 0.54+0.07, o = 0.77; this
result is consistent with the values derived modelling the auto-
correlation function width (Fenimore et al. 1995): @ = 0.37 to
0.43 (see also Borgonovo et al. 2007, who found median values
in the range from 0.21 to 0.29). Figure 4 displays the « distribu-
tion for all GRBs (black histogram), SGRBs (blue histogram),
and LGRBs (red histogram).

4.3. FWHM,,;, versus Tog

Figure 5 shows the scatter plots of the FWHMy, and T
for Swift/BAT and Insight-HXMT samples along with the cor-
responding marginal distributions. FWHM,,i;;, spans the range

Al12, page 5 of 18

108



CHAPTER 6. APPENDIX B

100

Camisasca, A. E., et al.: A&A 671, A112 (2023)

\\&V-

e

||
peak taken

( 64 ms '

( peak taken as upper limit )

7
% " 086
ii
- peak tahen \\\\ 4ams —» { peak taken as upper limit
Y /
%‘
- —o peak taken

Fig. 1. A schematic description of the procedure adopted to determine the FWHM,,;, of each GRB (see Sect. 3).
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Fig. 2. Comparison between shortest FWHM as estimated with MEPSA
(this work) and MVT estimated by GB14 for a common sample of
Swift/BAT GRBs. Black line corresponds to equality.

from 1072 to 10%s, whereas Tog spans from 1072 to 103 s (10 s
for Insight-HXMT). The bimodal nature of the marginal distri-
bution of Ty seems to be slightly more evident in the Insight-
HXMT sample, in spite of the lower number of GRBs. Equality
is shown with a solid line. In addition, to guide the eye, we show
lines that mark constant values for the ratio r = Too/FWHMyin:
10 (dashed), 100 (dash-dotted), and 1000 (dotted). Clearly, r
increases with an increasing number of pulses within a GRB
and/or with the presence of quiescent times. Most single-pulse
GRBs lie in the region of 1 < r < 10. Unsurprisingly, almost all
SGRBs lie within this region. LGRBs instead span the 1 < r <
103 range.

The marginal FWHM,,;, distributions of SGRBs and
of LGRBs are evidently different: for the Swift sample, a
Kolmogorov—Smirnov (KS) test® yields a 10737 probability of
being drawn from the same population; the logarithmic means
of SGRBs and of LGRBs are, respectively, 0.2 and 4 s with a
comparable scatter of 0.6 dex. Also in the Insight-HXMT sam-
ple, the two classes of S- and LGRBs have significantly different
FWHM,,;, distributions, with a 3 x 107'? probability of being
drawn from a common population. The logarithmic mean values
are 0.1 and 1.3 s for the S- and LGRBs with the same scatter

 The two-sample KS test was done using scipy.stats.ks_2samp.
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FWHM i, pixwT [8]

Fig. 3. FWHM as determined from Insight-HXMT/HE and Swift/BAT
data for a sample of 44 GRBs in common. The red solid line shows the
equality, while the blue line and the shaded area show the best propor-
tionality relation and 1-o- region, corresponding to a factor of 2 and a
relative scatter of a factor of 3, respectively. Cyan points are GRBs with
spectroscopically measured redshift.

of ~0.6 dex, respectively, that is shorter than the corresponding
quantities obtained in the softer energy band of the Swift sample,
in line with the results of Sect. 4.2.

In the Swift sample we highlight the population of SEE-
GRBs (green), with emphasis on two peculiar events whose
LC and duration look like a typical LGRB one, but for
which robust evidence for a compact binary merger progeni-
tor rather than a collapsar was found: 060614 (Gehrels et al.
2006; Della Valle et al. 2006; Fynbo et al. 2006; Jin et al. 2015)
and 211211A (Rastinejad et al. 2022; Gompertz et al. 2023;
Yang et al. 2022; Troja et al. 2022). In spite of being just 24,
their FWHM,;, values are more similar to those of SGRBs
than of LGRBs. While both KS and Anderson-Darling (AD)’
tests between the FWHM,;, of SGRBs and SEE-GRBs do not
reject the common population null hypothesis, the comparison
between LGRBs and SEE-GRBs does so with a 3.4 x 1071* KS-

7 The two-sample AD test was done using scipy.stats.anderson_
ksamp.
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Fig. 4. Distribution of power-law index & (FWHM oc E~®) for all the
peaks that were identified in the GRB data of both Swift and HXMT
(black histogram): SGRBs (filled blue histogram) and LGRBs (filled
red histogram). Dash-dotted and dashed lines represent the mean (0.45+
0.08) and the median (0.54 + 0.07) values, respectively.

probability (AD probability <1073). Therefore, the FWHM,y;, is
a promising metric to identify SEE-GRBs, even when the LC
does not look like a single spike followed by a long, soft, and
smooth tail, but rather shows multiple peaks extending over sev-
eral seconds, as was the case of 060614 and 211211A. This sug-
gests that the contamination of long GRBs with a FWHM,,;, <
0.1s that are currently misclassified as Type-II GRBs could
be higher than expected, as was recently put forward from the
observations of events like 211211A.

As a further check, we also show 18 LGRBs for which the
collapsar origin is not disputable, thanks to the identification of
an associated SN (gold points)®. Although a few of them have a
FWHM,,;, that is comparable with that of SEE-GRBs, the bulk
of SN-associated GRBs have longer MVTs, more representa-
tively of the entire population of Type-II GRBs. Furthermore,
the comparison between LGRBs associated with SN and SEE-
GRBs done with KS and AD tests rejects the common popula-
tion null hypothesis with a probability of 1.2 x 107 (<107%) for
KS (AD).

To the Insight-HXMT plot (see Fig. 5, right panel), we added
the saturated GRBs (cyan), highlighting the cases of 190114C
and 221009A; for 5° of the 21 saturated GRBs it was not possi-
ble to find any eligible peak. These GRBs are SGRBs, and the
time windows that are not saturated are too short for estimating
FWHM,ip-

4.4. Dependence of FWHM,,, and Tgo on redshift

For the BAT sample with measured redshift, we studied whether
the T99 and FWHM,,;, distributions show evidence for cos-
mological time dilation. We calculated the geometric mean of
groups of GRBs: 30 (6) GRBs each for LGRBs (SGRBs) and

8 They are: 060729, 090618, 091127, 100316D, 101219B, 111228A,
120422A, 120714B, 120729A, 130215A, 130427A, 130831A,
140506A, 161219B, 171205A, 180728A, 190114C, and 190829A.

° They are: 181222B, 190606A, 191025B, 191227B, and 201227A.

 A&A 671, A112 (2023)

then fitted the geometric mean values as a function of (1 + z)¢,
with the power-law index « free to vary. Figure 6 shows the
results, which suggest that there is no evidence of a depen-
dence on redshift (@ being compatible with zero), at least as
far LGRBs are concerned. The reason is that the different
effects at play combine in such a way that the cosmological
dilation is not dominant, as also found by previous investiga-
tions (Kocevski & Petrosian 2013; GB14; Golkhou et al. 2015;
Littlejohns & Butler 2014). In particular, there are two main
effects that contribute to mask the impact of cosmic dilation: (a)
for a given observer energy passband, further GRBs are observed
in a rest-frame harder band, which implies narrower temporal
structures, according to the narrowing of pulses with energy
(Norris et al. 1996; Fenimore et al. 1995); (b) the S/N of a LC
decreases with increasing z so that only the brightest portion of
the LC can be detected (Kocevski & Petrosian 2013).

For SGRBs the results seem to indicate values of both
FWHM,,;i;, and T increasing with redshift. The reason for this
apparently different behaviour from LGRBs is not obvious; in
particular, it is not clear why the same effects mentioned above
for LGRBs do not appear to affect SGRBs in a comparable way.
It is nonetheless worth noting that each SGRB group includes
just six events, a choice forced by the small number of SGRBs
with known z, so our accuracy in estimating the standard devi-
ation of FWHM,;, and T9y for SGRB groups is lower than for
LGRBs. In any case, the redshift range is shorter than that of
LGRBs, so in principle the cosmic dilation correction does not
have the same impact as it should for LGRBs, notwithstanding
that there are counteracting effects at play. Moreover, should we
correct the FWHM,,;, values for the SGRB sample, the result of
statistically different distributions of FWHM,;;, for LGRBs and
SGRBs would be reinforced. For this reason, we conservatively
avoided correcting the observer-frame value for FWHM,;, for
cosmological time dilation.

4.5. Peak rate versus FWHM,,

The peak rate PRy, is defined as the peak rate of the most
intense pulse of a given GRB. To explore the relation between
isotropic-equivalent peak luminosity (L,) and FWHM,,, we
first need to understand the relation between PR, and
FWHM,,;i, focusing on the selection effects that inevitably come
into play. We did not consider the cosmological time dilation
in its simplest formulation, which is FWHM,,;, /(1 + z), given
the interplay of different effects already discussed in Sect. 4.4.
PRy.x appears to be anti-correlated with FWHM,;, (Fig. 7).
However, the selection effect at play here is to be evaluated
carefully: for a very short pulse to be detected, its peak rate
must be high enough to ensure the required minimum S/N. To
this aim, we simulated a number of fast rise exponential decay
(FRED) pulses covering the PR,,x versus FWHM,;, space of
interest and counted the fraction of pulses that were identified
by our procedure. As a result, we modelled the detection effi-
ciency, €4et, defined as the fraction of simulated pulses that are
correctly identified, as a function of both PR,,x and FWHM,;,:
€det(PRmax, FWHM ). We found that the dependence is approx-
imately linear in the logarithms for both Swift and HXMT data
sets:

Rmax

- ¢,
rate umt)

FWHM yin
— )

€let = A loglo( )+b10g10(

where the rate units are either countss™ det™' (Swift/BAT) or
countss~! (HXMT/HE). For BAT, the best-fit parameters are
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collapsar origin. Cyan points refer to the Insight-HXMT saturated GRBs. We highlight 190114C and 221009A because of their high extreme
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a =0.78,b =142, and ¢ = 1.64, and it is clipped either to 0
for negative values, or to 1 for values exceeding it. One can con-
veniently invert Eq. (1) to express the minimum value for PR«
required for a pulse with a given FWHM,y,;;, to be detected, which
in the case of Swift/BAT becomes

PREAD > 0.35 ctss™! det™! )

(FWHMmin )_0'55 10971

S

Figure 7 shows the results for both data sets; Swift/BAT (left
panel) and HXMT (right panel) are shown as a colour-coded
shaded area with detection efficiency being split into ten differ-
ent ranges, from O to 1. This selection effect clearly affects the
observed correlation between the two quantities for both classes
of SGRBs and LGRBs.
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Replicating similar simulations and analysis for the HXMT
sample, we obtained a similar result, which is described by
Eq. (1) with the following parameters: a = 1.78, b = 3.05, and
¢ = —8.40. The analogous condition of Eq. (2) for HXMT is
therefore

PRUXMD > 1200 cts s~

FWHM . —0.58
( X mm) 10933 e-1). 3)

4.6. Peak luminosity versus FWHM i,

When we move from the observer to the GRB rest frame by
replacing PR, with the intrinsic quantity L, the problem of
accounting for this bias becomes more complicated, due to the
wide range in luminosity distance Dy, spanned by the subsample
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Fig. 7. Peak rate versus FWHM,;, for the Swift (left) and HXMT (right) samples. Blue dots correspond to Type-I GRBs (i.e. SGRBs and SEE-
GRBs), and red ones correspond to Type-II GRBs. Lighter dots refer to single GRB data, darker ones refer to geometrical mean of data of groups
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the six GRBs in common between the Swift sample and HXMT sample. Dotted lines indicate the best fit of Type-1I GRBs. The shaded areas show
ten different regions with detection efficiency spanning the 0—1 range. Cyan dashed lines show the 50% and 90% detection efficiency contours.

with measured redshift. In fact, a given peak rate corresponds to
a rangzge in luminosities which is dominated by the range spanned
by D:.

GLiven the paucity of GRBs with measured redshift in the
HXMT sample, we only analysed L;, as a function of FWHM i,
for the Swift sample with known z. We estimated L, for this
sample by renormalising the peak count rate by the ratio
between total counts and the fluence (in units of ergcm™ in the
15-150keV energy band), as published by the BAT team'?. This
procedure assumes a time-averaged spectrum, which is equiva-
lent to neglecting any spectral evolution. However, for our pur-
poses, the impact of an error on L, up to a factor of a few is
negligible overall.

We split the sample into nine subsets, with luminosity dis-
tance evenly spaced logarithmically, and considered the impact
of detection efficiency in the L,-FWHM,;, plane independently
of each other. The results are shown in Fig. 8; the selection
effect clearly affects the final correlation. In particular, two prop-
erties are evident: (i) the absence of relatively low luminosity
GRBs with short FWHM,;, (bottom left corner of each panel)
is clearly an observational bias; (ii) the absence of luminous
GRBs with a long FWHM,;, (top right corner of each panel)
is an intrinsic propriety of GRBs and suggests the possible exis-
tence of a maximum radiated energy within a single pulse (e.g.
Dado & Dar 2022). To better appreciate this possibility, in each
panel we show a grid with constant isotropic-equivalent released
energy values of a single pulse, roughly estimated as E"*™ ~ L,
FWHM .

Taken at face value, for the sample of BAT Type-I GRBs
with measured z there is no evidence of correlation between L,
and FWHM,;,, possibly due to the relatively few GRBs. On
the contrary, in the case of Type-II GRBs the two observables
do correlate: null-hypothesis probabilities given by Pearson’s
linear-rank- (calculated on logarithmic values) and Spearman’s
and Kendall’s rank-correlation tests are 1.5 x 1072!, 2.6 x
1072, and 9.8 x 10722, respectively. However, the key aspect is

10 https://swift.gsfc.nasa.gov/archive/grb_table/

understanding the extent by which this correlation is driven by
the selection bias.

To this aim, we carried out a suite of simulations under the
assumption that L, is distributed independently of FWHMy;,
and hence no intrinsic correlation exists. For each of the nine
subsets with different redshift bins we randomly generated as
many points in the FWHM,i,—L, plane as those in the true
subset, taking the very same values of L, and assuming, for
the FWHM,,;,, a Gaussian kernel density estimation!! of the
observed FWHM,;, distribution of the entire LGRB sample
with measured z as the probability density distribution. For each
point to be accepted, we also set two conditions: (1) we ran-
domly ran a Bernoulli trial assuming a probability given by
the detection efficiency calculated at that point according to
Eq. (1), and only the points with an outcome of 1 were taken;

(2) L, FWHMy, < Eff;";?x, i.e. we required that the isotropic-
equivalent pulse energy did not overcome the highest value
observed in the corresponding real subsample. Each subset trial
continued until the number of accepted simulated points was
equal to the real ones. The rationale behind point (1) is mim-
icking the effect of the selection bias, whereas the purpose of
(2) is to account for the absence of a very luminous and long
FWHM,,;i,, that is observed in the real sample. Every such round
ended up with a simulated sample that shared the same num-
ber of Type-II GRBs as the real one and was affected by the
same selection bias, with no intrinsic correlation between L, and
FWHM,,;,. We simulated 10* such samples and derived a den-
sity map in the FWHMy,,—L,;, plane to be compared with the real
sample. Figure 9 shows the result. While the synthetic popula-
tion does exhibit a correlation, as expected, it also appears more
clustered than the real set.

To quantitatively assess how compatible the real and all the
simulated samples are, we adopted the following approach: for
each of them, we calculated the three correlation coefficients
as we did for the real sample and obtained the corresponding
distributions. Figure 10 shows the p-value distributions of the

' We used the scipy.stats.kde.gaussian_kde () function.
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peak, approximately calculated as Ejy, = L, FWHMyp.

simulated samples, compared with the analogous quantities
obtained for the real sample. The real sample exhibits a more
significant correlation than simulated samples do: for each of
the three correlation tests, only <20 synthetic samples out of 10*
exhibited lower p values than the real sample.

We further explored how tightly this result depends on the
assumed distribution of FWHM,,,;,: in fact, the observed one is
inevitably the result of the same selection bias, whose impact we
aim to study. We then repeated the same suite of simulations by
assuming broader FWHM,,;, distributions, in particular extend-
ing towards small values. As a result, the comparison between
the simulated and the real correlation coefficients essentially did
not change, so the conclusion that the observed correlation can-
not be entirely ascribed to the selection bias still holds.

4.7. Number of peaks versus FWHM i,

We investigated the role of the number of peaks within a GRB,
as determined with MEPSA, in the FWHM,i,—L, correlation. We
therefore split the Type-II GRB sample with measured z into four
groups with comparable size, depending on the number of peaks
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that was previously established with MEPSA: Npears = 1,2,3 or
4, >5. The left panel of Fig. 11 shows the result. GRBs with
the largest number of pulses evidently cluster in the most lumi-
nous and narrow FWHM;, region. To understand whether this
is mainly due to a S/N effect, we selected the 1/3 with the nar-
rowest pulse with the highest S/N (threshold of S/N > 12.26).
The result is shown in the right panel of Fig. 11 and clearly
proves that the conclusion remains unaffected. To further char-
acterise the link between number of peaks and FWHM,,,, in
Fig. 12 we show both observables in a scatter plot, where both
colour and symbol size show the S/N. Notably, the FWHM;,
significantly shifts towards lower values for GRBs with increas-
ing numbers of pulses.

In principle, if the probability density function of the FWHM
of a peak is the same for all GRBs, regardless of the num-
ber of peaks, a GRB with more peaks is more likely to have a
small FWHM,,,i,, since more peaks means more trials. However,
Fig. 12 (top panel) clearly rules this case out; in fact, this putative
distribution should result from sampling the Npeaxs = 1 observa-
tion, which is clearly incompatible with the FWHM,;, distri-
bution of GRBs with several peaks. We confirmed this through
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GRB sample (red circles). The colour-coded density map is the result
of a simulated sample of Type-II GRBs that accounts for the selec-
tion effects shown in Fig. 8 under the assumption of no correlation
between L, and FWHM,,;,. For comparison, we also show SGRBs
(cyan circles). Gold dashed lines represent loci with constant isotropic-
equivalent released energy of each individual peak, approximately cal-
culated as Ej, = L, FWHM;,.
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Fig. 10. FWHM,,;,—L, correlation probability distributions of the sim-
ulated samples of Type-II GRBs, compared with the corresponding val-
ues obtained for the real sample of Type-II GRBs with measured z
(vertical lines).

the following test: we considered all the Swift Type-II GRBs
(regardless of the knowledge of z) with Nyears = 10 (hereafter
Obs10 sample). We then generated a population of fake GRBs
(hereafter Sim10) with the same distribution of number of peaks
as Obs10 (but with 100 times as many GRBs as Obs10), where
each peak was chosen randomly from the distribution of GRBs
with Npeas = 1 (hereafter Obs1). We determined the FWHM i,

distribution of Sim10 and compared with that of Obs10 through

two-population KS and AD tests. The probability that the two
distributions of FWHM,;, are drawn from the same parent pop-
ulations is 3 x 107 (<1073) with KS (AD) test. Using the same
procedure with the HXMT sample, so including GRBs with
unknown z (bottom panel of Fig. 12), we obtain a probability
of 5 x 107 (<1073) according to the KS (AD) test.

4.8. Lorentz factor versus FWHM,;,

To study the relation between MVT and Lorentz factor of the
ejecta, we selected a subsample of Type-II GRBs for which
an estimate of the latter was available in the literature. To
this aim, we considered the following references: Liiet al.
(2012), Yietal. (2017), Xue et al. (2019), and Ghirlanda et al.
(2018), along with a couple of additional references relative
to individual GRBs: 111228A (Xin et al. 2016) and 150910A
(Xie et al. 2020). All of these estimates, except for the GRBs of
Xue et al. (2019), who obtained pseudo estimates based on the
Epi—Lis,—T relation (Liang et al. 2015), are based on the peak
time of the early afterglow, interpreted as the deceleration of the
fireball in the thin shell regime. Because of this, we assumed the
I'p values obtained from the deceleration peak for the GRBs in
common. In any case, we graphically distinguish the different
sources, to spot any possible difference. Our final sample con-
sists of 131 GRBs, 39 of which have I'y from the deceleration
peak from Liietal. (2012), Yietal. (2017), Xin et al. (2016),
and Xie et al. (2020), and 92 are pseudo values from Xue et al.
(2019).

We treated the sample of Ghirlanda et al. (2018) separately,
given that this is a rich collection that resulted from a homoge-
neous selection and treatment, and which also provides a set of
lower limits on Iy for many GRBs. Specifically, we calculated
I’y using their Eq. (11), taken from Nava et al. (2013). The esti-
mated values were obtained for 50 GRBs that our sample shares
with their golden and silver samples, while for the remaining
74 common GRBs we calculated the corresponding lower lim-
its. We checked the mutual consistency of the estimated values
taken from Ghirlanda et al. (2018) and the other references for a
sample of common GRBs (41 values and 50 lower limits), and
we found only a few incompatible estimates, whereas most esti-
mates differ by $20%, and a dozen or so lower limits are incom-
patible with the estimates provided by the other works.

Figure 13 shows the results. The left panel shows the GRBs
with colour-coded references for the I'y estimates, whereas the
right panel uses the sample in common with Ghirlanda et al.
(2018). The anti-correlation is evident for both data sets,
although significantly scattered.

It is not straightforward to understand the impact of the
selection bias affecting the sample of FWHM,,;;, discussed in
Sect. 4.6. Consequently, the apparent power-law slope of this
correlation should be taken with care. Yet, interestingly, both
data sets show an overall consistency with FWHM,;, oc I'-2,
as shown by the dashed lines that correspond to constant values
of R =2cT, (2) FWHM,,;in, which is the typical distance at which
the dissipation of energy into y-rays is supposed to take place.
Almost all GRBs lie in the 10> < R/cm < 10'7 range.

This range appears to be larger than 10'3—10'* cm, which
is usually estimated in the case of internal shocks (e.g.
Zhang & Mészdros 2004). However, there are several cases
for which the estimates are consistent with our results: for a
number of Swift GRBs for which the early X-ray afterglow
steep decay could be interpreted as high-latitude emission, the
onset time of this decay enabled to obtain R > 10'9-10'° cm
(Lyutikov 2006; Kumar et al. 2007; Lazzati & Begelman 2006;
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is predicted (Lyutikov & Blandford 2003). Alternatively, hybrid
models such as the Internal Collision-induced MAgnetic Recon-
nection and Turbulence (ICMART; Zhang & Yan 2011) based
on internal shocks, in which the dissipation mechanism is mag-
netic reconnection, also predict R ~ 10-10" cm. Also, clas-
sical multi-zone internal shocks with reasonable Lorentz fac-
tor distributions for the wind of shells can predict dissipation
radii in the range 10'3—10'® cm, whereas the possible associ-
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Fig. 12. Number of peaks versus FWHM,i,, Type-1I GRBs for the Swift
sample (fop panel; here only GRBs with known z are shown for the sake
of clarity) and HXMT sample (bottom panel). Symbol size and colour
scale with S/N.

Hascoét et al. 2012). Also, for the naked-eye burst 080319B,
R 2 10'®cm was found, due to its bright prompt optical emis-
sion, which requires a synchrotron self-absorption frequency
that is not too far above the optical band (Racusin et al. 2008;
Kumar & Panaitescu 2008).

Different models can accommodate these values for R; for a
Poynting flux-dominated outflow, a typical value of 3 x 1016 cm
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ated high-energy (HE) neutrinos and ultra-high-energy cosmic
rays (UHECRs) are mostly expected to be accelerated at dis-
tances ~10—100 times closer to the engine (Bustamante et al.
2015, 2017). Our results may suggest that, if most GRB inter-
nal shocks take place above ~10" cm, that would explain why
bright GRB prompt emission is not accompanied by HE neutri-
nos, at least as long as low-luminosity GRBs are ignored. This is
in agreement with the upper limit of 1% on the contribution due
to cosmological GRBs to the observed HE neutrino diffuse flux
(Abbasi et al. 2022).

For each GRB we also compared the dissipation radius with
the deceleration one, Ry, at which the ejecta decelerates, which
corresponds to the time at which the afterglow LC peaks. In par-
ticular, we took the Iy and afterglow peak times of the sample
by Ghirlanda et al. (2018) and verified that it was R < Rge. for
all GRBs.

4.9. Jet opening angle versus FWHMi,

We explored the relation between the MVT and jet opening
angle, 6;, as measured from the afterglow modelling for the
GRBs for which evidence of an achromatic jet break was found.
To this aim, we took the values reported in Zhao et al. (2020)
in the two cases of ISM and wind environments. The resulting
subset with measured 6; includes 57 of our Type-II GRB sample
with a measured FWHM,,;, and the number of peaks. Figure 14
shows the results for ISM (left panel) and wind (right panel); the
information on the number of pulses is colour-coded.

Despite the apparent scattering, there is evidence of a cor-
relation between jet opening angle and MVT with significance
values of a few times 107> (Table 4). Motivated by the result
in Fig. 14, we further tested the apparent clustering of GRBs
with numerous peaks in the narrow jet—short MVT through a 2D,

115



CHAPTER 6. APPENDIX B

Camisasca, A. E., et al.: A&A 671, A112 (2023)

] 102
X20
X16 10t
0 0}
£ £
= 7 =
I I
= =
o L 100
X19
L12
107!

Fig. 13. FWHM,,;, versus the initial Lorentz factor Iy for a number of Type-II GRBs. Left: the values for the latter were taken from different data
sets, which are colour-coded: L12 (Lii et al. 2012), X19 (Xue et al. 2019), Y17 (Yi et al. 2017), X16 (Xin et al. 2016), and X20 (Xie et al. 2020).
Dashed lines correspond to the typical distance R = 2 ¢ 2 FWHM,y;, at which the dissipation process responsible for the prompt emission could
take place. Right: same as left, except that we calculated Iy from the data set by Ghirlanda et al. (2018). Red points are the GRBs belonging to

their golden and silver samples, while blue points are lower limits on I'.

—— (ISM) —— (Wind)
Npeaks = 5 Npeaks = 5
100 a 100 —_
pavnl—
il —=
—h 4 3= Npess < 4 ‘ —— 3= Npeaks < 4
S —e— —_ = Npeaks = E)a . %0‘— = Npeaks =
s —$ TF - T —
s ==l g B e gt £
H | — é —fﬁ—:,=+— ——
T 10 =5 Npeaks = 2 Y ++3f—_+ Npeaks = 2
—o—
i
| T
e
10°
Npeaks =1 Npeaks = 1
10° 10* 102 10° 10t 102
FWHMmin (S) FWHMmin (S)
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Table 4. P-values of tests of correlation between MVT and jet opening

angle for a sample of 57 Type-II GRBs displayed in Fig. 14.

Environment  Test p-value

ISM Pearson 2.4 x 1072
ISM Spearman 5.6 x 1073
ISM Kendall  52x 1073
Wind Pearson 4.6x 1073
Wind Spearman 2.0 x 1073
Wind Kendall 4.4 %1073

two-population KS test (Press et al. 1992) after dividing the sam-
ple into two groups, one including 18 GRBs with Npeas < 2
and another including 39 GRBs with Npeus > 2. Using the ISM
(wind) values of 6, the probability that the number of peaks
is uncorrelated with the position in the FWHM,;,—6; plane is
4.1x1073(1.5x1073), equivalent to 2.90 (3.20).

5. Discussion

Our results show that the observation of millisecond-long indi-
vidual pulses is very rare in either class of GRBs. At one end,
even if they exist, their identification is limited by instrumental
sensitivity, given the strong dependence of the detection thresh-
old on the FWHM,,;i, (Fig. 7). At the other end, we do observe
rare GRBs with a peak rate high enough to ensure the possi-
bility of detecting ms-long pulses, but in practice this rarely
seems to be the case. The short end of the MVT distributions
of both Type-I and Type-II GRBs extends to ~10 ms within a
factor of a few, depending on the energy passband. The two
classes have overlapping MVT distributions, although the pop-
ulations are statistically different. In this respect, SEE-GRBs,
that is Type-I GRBs with an ambiguous time profile, exhibit an
average MVT that is shorter than that of Type-II GRBs, mak-
ing our MVT estimate a useful indicator of the progenitor class.
In SEE-GRBs, whose environmental properties are indistin-
guishable from those of SGRBs (Fong et al. 2022; Nugent et al.
2022), the presence of a prolonged y-ray activity characterised
by a longer MVT that follows an initial spike could hint to
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Table 5. First ten GRBs of Swift sample.

GRB name L, (10°ergs™") To Ref. ry? 6'M (rad) 6Ynd (rad)
050126 4.13 £ 0.66 - - - - -
050219A 0.47 + 0.04 - - - - -
050223 0.58 £ 0.08 - - - -
050315 374£3.0 - - - 0.111£0.012  0.104 + 0.008
050318 38+4 - - 57+2 - -
050319 95+ 15 - - - 0.053 £0.007 0.061 = 0.005
050401 91276 25433 LI2 554+25 0.018£0.003 0.021 +0.003
050416A 5.44 +0.85 - - 101z6 - -
050505 311 +£40 - - - - -
050525A 69415 268+5 X19 22410 0.050+0.011 0.065 + 0.009

Notes. FE)G) is the Lorentz factor from Ghirlanda et al. (2018) using Eq. (11) therein from Nava et al. (2013). This table is available in its entirety

in machine-readable form at the CDS.

a long-lived, downward-spinning protomagnetar (Metzger et al.
2008; Bucciantini et al. 2012), a scenario that can also account
for the complex broadband evolution exhibited by GRBs such
as 180618A (Jordana-Mitjans et al. 2022). There are alternative
interpretations, such as the one proposed to explain 211211A, in
which the SEE would be produced by the prolonged accretion-
powered activity of a newly formed black hole (BH), ruled by
the strong magnetic field of one of the merging NSs (Gao et al.
2022). Regardless of the possible presence of the SEE and of
its interpretation, the shorter MVT of Type-I GRBs appears to
be a distinctive property with respect to the bulk of Type-II
events. Although the nature of the inner engines that power the
two classes could be similar (e.g. either a supramassive ms-
magnetar or an hyperaccreting newly formed BH), the longer
MVT in Type-II GRBs might be due to the engine variability
being smeared out by the interaction with the massive envelope,
whereas in Type-I the central engine variability imprint in the
jet is retained throughout the propagation in less massive merger
ejecta (e.g. see Gottlieb et al. 2022b). The other major difference
between the two classes is the apparent absence of correlation
between MVT and peak luminosity for Type-I GRBs, as shown
in Fig. 9.

Concerning the properties of Type-II GRBs with measured
redshifts, upon a careful evaluation of the involved selection
effects on both luminosity and FWHM,,;,, we confirm that L,
and MVT do correlate, although a mathematical description that
is corrected for the selection effects requires more extensive sim-
ulations that go beyond the scope of the present investigation.
Additional information comes from the other correlations that
we report here, and it involves MVT: in particular, (Type-II)
GRBs that display many (>2) pulses have short MVTs on aver-
age (typically in the range of 0.01—1 s), are more luminous, have
a higher bulk Lorentz factor, and, whenever the information is
available, tend to have narrower jets or a smaller off-axis angle
(see Table 5).

The jet opening angle 6; is usually estimated from afterglow
modelling and, in particular, from the observation of an achro-
matic break in the afterglow light curves that would correspond
to the time at which the Lorentz factor I of the forward shock is
such that 1/T" ~ 6;. While this is true for an on-axis observer, for
Bobs # 0 but Oyps < 65, the jet break time is actually set by the fur-
thest edge from the observer, i.e. when the relativistic beaming
decreases to the point at which 1/T" ~ 6; + 6, (van Eerten et al.
2010). In practice, when one also includes other factors, such as
jet spreading, angular structure of a jet (as opposed to the sim-
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plistic case of a top-hat jet), radial fluid structure, and arrival
time effects, deviations of the afterglow LC from simple power
laws hinder an accurate measure of both jet and observer angles
(van Eerten & MacFadyen 2012). Besides this, for increasing
observer angles, but still fps < 6, the jet break time may occur
correspondingly later by a factor of 3—5 (De Colle et al. 2012).
Consequently, the variable that we found to correlate with the
MVT is likely more indicative of (6; + 6,ps) or, at least, of a com-
bination of both ; and 6, rather than 6; alone for an on-axis
view (Gops = 0).

A simple interpretation of these correlations invokes a struc-
tured jet viewed through a range of different observer angles
for different GRBs. Simulations suggest that the angular struc-
ture of a GRB jet consists of a flat core with an opening
angle 6;, followed by a power-law decline (Ej, o 6% for
6 < 6 < 6) that models the so-called jet-cocoon interface
(JCI). This is an interface layer between the jet core and the
cocoon which extends to 6. (Gottlieb et al. 2021a). The power-
law index ¢ depends on the jet magnetisation: 6 ~ 3 for a
weakly magnetised jet and § ~ 1-2 for a purely hydrody-
namic jet. This difference arises from the different degree of
mixing between jet and cocoon at the JCI, which in turn affects
the baryon loading of jet: a magnetised jet, whose existence is
also supported by early-time optical polarisation measurements
(e.g. Gomboc et al. 2008; Mundell et al. 2013; Japelj et al. 2014;
Steele et al. 2017), would suffer from a reduced mixing, with less
energy transferred to the JCI and a consequent steeper energy
angular profile (Gottlieb et al. 2020b).

Assuming similar values for 6; for different GRBs as could be
plausible in a quasi-universal jet structure (e.g. see Salafia et al.
2020 and references therein), or at least assuming that the spread
of values of 6 is greater than that of 6 for the observed
population, the variety of values measured from the afterglow
LC for the jet opening angle, which is actually more reveal-
ing of (6; + O,bs), mostly reflects the range of 6. For a rela-
tively on-axis view, observed high Lorentz factor, high isotropic-
equivalent peak luminosity are naturally accounted for. A short
MVT and the abundance of pulses would suggest that we are
looking through the jet core at the inner engine activity, unaf-
fected by smoothing and blending that instead would charac-
terise a more off-axis view, but still close to the JCI boundary
(Bops ~ 6;) because of lower Doppler boosting and longer
arrival time delays (e.g. see Salafiaetal. 2016). In addition,
the LC blending could hinder the identification of distinct adja-
cent pulses, thus explaining why these GRBs show fewer pulses
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Fig. 15. FWHM,,;, versus the initial Lorentz factor I'y for a number of Type-II GRBs, with the predictions discussed by Xie et al. (2017), high-
lighted by the light shaded region between dash-dotted lines (v¥ annihilation mechanism) and by the dark shaded region between dashed lines
(BZ mechanism). Left: same as Fig. 13. Right: same as Fig. 9, except that the two axes are swapped for ease of comparison with the expectations

discussed by Xie et al. (2017).

on average. Concerning more off-axis GRBs, i.e. those with
0 < 6Oops < 6, they would appear as low-luminosity GRBs,
which are mostly missing from present GRB catalogues.

A possible additional key property is suggested by recent
3D GRMHD simulations of the temporal evolution of a jet
that results from a collapsar: some shocked gas would free-fall
towards the newly formed BH and would be then deflected by
the jet towards the accretion disc, which would consequently
make the jet tilt randomly with respect to the BH rotational
axis (Gottlieb et al. 2022c). The resulting jet would break out
of the photosphere with a typical opening angle of 6, ~ 6°
and would wobble around with an angle of 6 ~ 12° and a
hybrid composition of magnetic and thermal energy due to the
variable mixing. In this picture, the short MVT (0.01-0.15s)
would reflect the inner engine activity, possibly due to random
fluctuations in the accretion process and launching mechanism,
whereas long (1-10s) interpulse times would occur whenever
the jet points away from the observer (Gottlieb et al. 2022a).
While the possibility of precessing jets in GRB sources is
not new (Portegies Zwart et al. 1999; Portegies Zwart & Totani
2001; Fargion 2001; Reynoso et al. 2006; Lei et al. 2007), the
stochastic nature of this wobbling, supported by state-of-the-art
simulations, suggests that a multi-pulsed, luminous GRB with a
short MVT and high Lorentz factor could be due to a jet wob-
bling around the line of sight, thus giving rising to more short
pulses and, on average, exposing the variability of the inner
engine during the frequent on-axis alignments. Less luminous
GRBs, with fewer pulses and longer MVTs would harbour wob-
bling jets that are on average more misaligned with respect to
the line of sight; these GRBs would correspond to the cases in
which the angle between the time-average pointing direction of
the jet and the line of sight is similar to the jet opening angle,
(Bobs) ~ 6;. This would turn into fewer pulses, given that the jet
would spend more time with the line of sight off the jet core. The
scatter of the observed correlations could be explained as being
due to the fact that, even for such a GRB, the probability of a
temporary fortuitous on-axis view, thus giving a narrow pulse,
is not negligible, although less likely. This interpretation is sup-

ported by some Monte Carlo simulations of randomly wobbling
structured jets: using a different definition of variability related
to the number of pulses, a connection is predicted between vari-
ability and the jet opening angle as measured from the afterglow
light curves (Budai et al. 2020), which agrees with our result.

A similar correlation between 6; (or 6; + 6obs, as explained
above) and a former definition of variability was already estab-
lished by Kobayashi et al. (2002) for a few GRBs with measured
quantities available at the time. According to their interpretation,
GRBs with constant energy may result in different jet masses,
so a smaller mass loading would be associated with a narrower
jet, higher Lorentz factor, and isotropic-equivalent luminosity, as
supported by simulations.

The scaling between the MVT versus Lorentz factor I'y
and the MVT versus luminosity may help constrain the mech-
anism used by the inner engine to power the relativistic jet. In
this respect, Xie etal. (2017) considered two alternative sce-
narios that invoke a BH: (i) extraction of the BH rotational
energy through the magnetic field sustained by the accretion
disc according to the Blandford & Znajek mechanism (BZ;
Blandford & Znajek 1977); (ii) a neutrino-dominated accretion
flow (NDAF; Popham et al. 1999), whose neutrinos and anti-
neutrinos annihilate and power the jet. In the BZ mechanism
there is also an NDAF that supports and influences the mag-
netic field, which in turn suppresses the baryon loading from
the neutrino-driven wind. In either case the MVT is determined
by the viscous instability of the NDAF. In Fig. 15 we show our
results on the correlations between the MVT and Iy (left panel)
and between the MVT and peak luminosity (right panel), along
with the regions expected in each of the two scenarios: the light
shaded region between dash-dotted lines refers to the v¥ anni-
hilation mechanism, whereas the dark shaded region between
dashed lines refers to the BZ one. The values of each set of
model parameters are the same as the ones that are considered
in Xie et al. (2017): as a consequence, while both regions can be
shifted parallely, their slopes are more of a distinctive property of
each and, as such, should be considered. While the slopes of the
MVT-T predicted relations seem to be overall compatible with
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the data set, which is significantly scattered, the same compar-
ison in the MVT-L,, plane seems to favour the BZ mechanism,
as also argued by Xie et al. (2017). The vv annihilation model
looks significantly shallower (FWHMy;, o (L;W))"/ 2) than the

data, whereas the BZ slope is FWHMy;, o (L;BZ))".

The relations found for a common sample of GRBs and
blazars by Wu et al. (2016), MVT o« 1"64'7’50‘3 and MVT « L;wio‘l
are both compatible with our samples, although the large scatter
observed in our MVT-T'y sample makes it noncritical.

A hyperaccreting Kerr BH with a magnetised torus is
expected to power, via BZ, a magnetically dominated jet. MHD
simulations identify the BH spin as the main driver of the
GRB variability along with the magnetic field strength, although
other factors should be considered that contribute to the con-
version efficiency of the dissipation of energy into y-rays (e.g.
Granot et al. 2015). The MVT, in terms of minimum duration
of pulses, would reflect the timescale of the fastest growing
mode of magneto-rotational instabilities in the accretion disc
(Janiuk et al. 2021). In this scenario, a higher BH spin would
launch a jet with a correspondingly higher Lorentz factor and
shorter MVT, thus accounting for the observed correlation. On
average, for small values of 6y, a higher I'y is also expected,
although the relation does not always appear to be monotonic
for different values of BH spin parameter and magnetic field
strength.

6. Conclusions

We proposed a simple definition of MVT of GRB prompt emis-
sion as the FWHM of the shortest pulse that is identified through
MEPSA, a thoroughly tested GRB peak search algorithm. We
applied this method to two independent and complementary
GRB data sets: Swift/BAT and Insight-HXMT/HE, both of which
were split into two groups: Type-I and Type-II GRBs, the for-
mer including SEE-GRBs. Firstly, ms-long MVT is very rarely
observed, the shortest values being around 10 ms. However, this
could be partly due to a S/N-related selection effect. Although
the two groups have overlapping MVT distributions, MVT of
Type-I GRBs is in the range 10 ms—1 s and is on average signifi-
cantly shorter than that of Type-II GRBs, which encompasses the
range of ~0.1-100s. Remarkably, SEE-GRBs with Tyy > 2s,
characterised by deceptively long and structured time profiles
such as 060614 and 211211A, also display a short MVT that is
more typical of Type-I GRBs, thus propelling this definition of
MVT as a useful indicator of the progenitor class, especially in
the presence of ambiguous y-ray time profiles. The origin of this
difference could stem from the different ejecta masses that the
relativistic jets of either class have to pierce.

Concerning the subsample of Type-II GRBs with measured
redshift, upon careful evaluation of the selection effects that
impact the MVT measure in the MVT-peak rate plane, we con-
firm the existence of anti-correlations between MVT and peak
luminosity, L,, and between MVT and initial Lorentz factor of
the ejecta I'g. Moreover, we were able to establish that MVT
also correlates with the number of peaks and the jet opening
angle (measured from the achromatic break in the afterglow light
curves), although the latter is probably more of a sum of jet and
observer angles. Taken together, we find that GRBs with short
MVTs (0.1-1s) on average have narrower jets and/or smaller
observer angles ($2-4°), higher Lorentz factors (I'y = 100),
high peak luminosities (L, 2> 10°' ergs™'), and exhibit several
pulses. A possible interpretation that builds on 3D GRMHD
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state-of-the-art simulations of a jet propagating through stellar
envelopes involves a structured jet with a flat core (0 < 6 < 6))
and a power-law profile that models the jet-cocoon interface
(6 < 0 < 6). GRBs with short MVTs would be seen within
the jet core, resulting in higher L, and I'g, shorter and more
numerous peaks, and revealing the true variability imprinted by
the inner engine, such as a hyperaccreting BH possibly powered
via the Blandford-Znajek mechanism. Conversely, GRBs viewed
across the boundary between the jet core and the jet-cocoon
interface would appear as less luminous, with lower Lorentz fac-
tors and longer MVT due to a smaller Doppler boosting and
longer arrival time delays. The possibility that such a jet could
wobble randomly within angles comparable to, if not greater
than, the jet core itself, further suggests that the different number
of peaks observed in different GRBs could indicate how often the
jet core points to the observer, thus revealing to what extent the
line of sight is off-axis with respect to the average jet direction.
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Appendix A: Estimating the peak FWHM through
MEPSA

The Multiple Excess Peak Search Algorithm (MEPSA) is an algo-
rithm aimed at identifying peaks in LCs affected by uncorre-
lated Gaussian noise. MEPSA scans the time series at different
timescales by comparing a peak candidate with a variable num-
ber of adjacent bins; the number of adjacent bins involved in the
detection is called Nygjac.

When the entire LC has been screened, the process is re-run
on the rebinned versions of the same curve; each time the rebin-
ning factor is increased by one up to a maximum established by
the user. At the end of the procedure, MEPSA provides the detec-
tion timescale Aty for each peak candidate; this is the product
between the original time resolution of the time series and the
rebinning factor. We refer the reader to Guidorzi (2015) for a
more detailed description.

Since MEPSA does not provide direct information on the
FWHM of a detected peak, we had to preliminarily calibrate it,
starting from the rule of thumb declared in Guidorzi (2015). This
establishes a set of different scalings between Atqe, and FWHM
for different ranges of S/N. In order to determine a more precise
calibration between the FWHM, At4, and S/N, we simulated
LCs with FWHM values taken from a given lognormal distribu-
tion. For our calibration, we used 1600 fast rise and exponential
decay (FRED) profiles:

1o—t\P .
F() = Aexp[ (ﬁ’ )p], ?ft<t0, (AD)
Aexp[— (’t—d’“) ], ift >ty

withtp = 0, p = 1.5; t; = 3t,; and FWHM = 10" s, where x is
the random normal distributed with u = log 0.6 and o = 0.5, fol-
lowing the same prescriptions adopted in Guidorzi (2015). Sim-
ulated LCs at 1 ms were rebinned with rebinning factors = 1, 4,
64, and 1000. These profiles were affected by uncorrelated Gaus-
sian noise.

We tried to include more parameters provided by MEPSA to
see whether we could further reduce the scatter around the best
fitting relation. To this aim, we assumed that the FWHM could
be described by the following relation:

S/N

SR (A2)

a
FWHM o Atge ( - 1) PA,
where S/Nj is a hard lower limit for S/N that had preliminarily
been fixed to 4.7, P is a generic MEPSA parameter and « and

B are power-law indices to be determined. After choosing P,

Al112, page 18 of 18

100

FWHM/ Aty
-
o

—_
T

0.1 ‘ ‘
10 100

S/N

Fig. A.1. Ratio between true FWHM and MEPSA detection timescale
A t4e; (red crosses; left-hand side vertical axis) versus S/N for a sample
of simulated GRB-like pulses. The right vertical axis displays the same
ratio further divided by MEPSA parameter N2 for the same data set
(blue circles). The latter quantity is found to minimise the scatter around
the best fitting relation.

we considered the corresponding logarithmic quantities of the
multiplicative terms in Eq. (A.2) and determined @ and 8 by
finding the maximum likelihood within a linear model regres-
sion approach (see Section 3.1.1 of Bishop 2006). As a result,
we found a significant improvement by using Nygiac as the third
parameter P. As shown in Figure A.1, the best fitting relation
correlates FWHM with Atge, the S/N, and Nygjac:
0.60

SN 1) N

1.06
adiac

47
orwam = FWHM (10013 - 1)

FWHM = 107%3 Azge
(A3)

The scatter around the best fitting relation, expressed by
orwnM, 18 calculated as the multiplicative coefficient that cor-
responds to the logarithmic standard deviation of the sim-
ulated points. To account for the asymmetric nature of the
corresponding uncertainty on the FWHM, in Eq. (A.3) we
distinguish between negative and positive uncertainties, but
in practice the 1—¢ uncertainty on the FWHM that affects
the calibration of Eq. A.3 is about 35%. Consequently,
all the FWHM values and relative uncertainties that were
derived through MEPSA in this paper were calculated using
Eq. (A.3).
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Published Circular available at: https://gcn.nasa.gov/circulars/33577

TITLE: GCN CIRCULAR

NUMBER: 33577

SUBJECT: GRB 230307A: short mininum variability timescale compatible with a
merger origin

DATE: 23/04/06 11:06:22 GMT

FROM: Cristiano Guidorzi at Ferrara U Italy <guidorzi@fe.infn.it>

AE. Camisasca, C. Guidorzi, M. Bulla (Ferrara U.), L. Amati, A. Rossi
(INAF-OAS), G. Stratta, P. Singh (Goethe U. Frankfurt) on behalf of a larger
collaboration report:

"We determined the minimum variability timescale (MVT) of GRB 230307A
(Fermi GBM team, GCN 33405; Xiong et al., GCN 33406; Xiao & Krucker, GCN
33410; Cosentini et al., GCN 33412; Navaneeth et al., GCN 33415) from the
Fermi/GBM light curve (Nal detectors 10 and 6) following the prescriptions of
Camisasca et al. (2023), i.e. as the minimum full width half maximum (FWHM,,;,)
of all statistically significant pulses, and found FWHM,,;, = 28 (-7, +10) ms.
Combined with the T90=34.56 +- 0.6 s (Fermi GBM team, GCN 33405), in
the T90-FWHM,,,;, plot GRB 230307A (purple star in the Figure below) lies in
the region populated by other long-lasting merger candidates, such as also GRB
191019A (green star in Figure; Levan et al. 2023; Lazzati et al. 2023). In particular,
it lies very close to the merger GRB211211A (Gompertz et al. 2023; Mei et al.
2022; Rastinejad et al. 2022; Troja et al 2022; Yang et al 2022). Despite its long
duration and complex light curve, its short MV'T therefore supports the merger
origin for GRB230307A, as suggested by the possible evidence for kilonova emission
reported by Levan et al. (GCN 33569).

In addition, assuming a redshift z=0.065 (Gillanders et al. GCN 33485), a fluence
of 3.6e-3 erg cm-2 (Svinkin et al. GCN 33427) would correspond to E;,=3.7e52
erg. Combined with E, ~1 MeV (Svinkin et al.), the position of GRB 230307A
in the E,-Eis, plane seems to be more compatible with short rather than long GRBs.

http://www.fe.infn.it/u/guidorzi/T90_vs_FWHMmin_neu.pdf (Figure adapted
from Camisasca et al. 2023)
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ABSTRACT

We consider the optimization of the observing strategy (cadence, exposure time, and filter choice) using medium-size (2-m-
class) optical telescopes in the follow-up of kilonovae localized with arcminute accuracy to be able to distinguish among various
kilonova models and viewing angles. To develop an efficient observation plan, we made use of the synthetic light curves obtained
with the Monte Carlo radiative transfer code POlarization Spectral Synthesis In Supernovae for different kilonova models and
as a function of different viewing angles and distances. By adding the appropriate photon counting noise to the synthetic light
curves, we analysed four alternative sequences having the same total time exposure of 8 h, with different time windows (0.5, 1,
2, and 4 h), each with i, r, and u filters, to determine the observing sequence that maximizes the chance of a correct identification
of the model parameters. We suggest to avoid u filter and to avoid the use of colour curves. We also found that, if the error on
distance is <2 per cent, 0.5, 1, and 2-h time window sequences are equivalent, so we suggest to use 2-h one, because it has 1-d
cadence, so it can be easily realized. When the distance of the source is unknown, 0.5-h time window sequence is preferable.

Key words: telescopes —black hole - neutron star mergers — gamma-ray bursts —neutron star mergers.

1 INTRODUCTION

Coalescences of neutron star binaries and black hole—neutron star
systems lead to the formation of neutron-rich material. Such material
undergoes rapid neutron capture nucleosynthesis (r-process) as it
decompresses in space, leading to the creation of rare heavy elements
such as gold and platinum (Li & Paczynski 1998). The radioactive
decay of these unstable nuclei fuels a thermal transient known as
‘kilonova’ (hereafter, KN; see Metzger 2019 for a review). On
2017 August 17, Advanced LIGO/Virgo made the first detection
(Abbott et al. 2017b) of gravitational waves (GWs) from a binary
neutron star merger, GW170817, simultaneously with the detection
of short gamma-ray burst (GRB) by Fermi (Goldstein et al. 2017)
and INTEGRAL (Savchenko et al. 2017): GRB 170817A. 11 h after
the GW 170817 trigger, an optical counterpart was discovered in the
nearby (d = 40 Mpc) galaxy NGC 4993 (Coulter et al. 2017). The
ultraviolet, optical, and near-infrared emissions were consistent with
being powered by the radioactive decay of nuclei synthesized in the
merger ejecta by the r-process (Villar et al. 2017; Watson et al. 2019;
Domoto et al. 2021; Kasliwal et al. 2022). This was the first time
one source was detected both in GWs and electromagnetic (EM)
radiation, and the first time spectroscopic evidence of a KN was
obtained (Chornock et al. 2017; Kasen et al. 2017; Pian et al. 2017,
Smartt et al. 2017).

* E-mail: annaelisa.camisasca @unife.it

The study of a KN’s rapid evolution can improve our understanding
of the role of neutron star mergers in the origin of heavy elements.
In addition, KN spectra encode key information to constrain the
outflows that produced their EM emission. There has been only one
confirmed case of KN detection in the form AT2017gfo and few
other possible candidates such as KNe associated to GRB 130603B
(Tanvir et al. 2017) and GRB 211211A (Rastinejad et al. 2022).
Hence, the whole community is working on various simulations to
model the KN emission properties. There is a variety of predicted
light-curve (LC) features (e.g. Wollaeger et al. 2018; Bulla 2019).
Klion et al. (2021) and Nativi et al. (2021) showed how the presence
of a jet impacts the KN LCs and makes them brighter and bluer
when viewed pole on. Thus, it is important to come up with efficient
observational strategies to get the best observational data to constrain
the properties from computational models.

In this work, we aim to optimize the observing strategy for the
optical follow-up of KNe to constrain the properties of the KN
emission (viewing angle, mass of the different ejecta components,
and their velocities), once this has been identified and localized with
arcminute accuracy, which enables observations with narrow field
facilities. Arcminute accuracy can be achieved with current high-
energy instruments, such as the Burst Alert Telescope (Barthelmy
et al. 2005) on board the Neil Gehrels Swift Observatory (Gehrels
et al. 2004), or, in the near future, with Space-based multi-band
astronomical Variable Objects Monitor (SVOM, Atteia, Cordier &
Wei 2022), Einstein Probe (Yuan et al. 2022), and in the next decade
possibly Transient High-Energy Sky and Early Universe Surveyor

© 2023 The Author(s)
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(THESEUS, Amati et al. 2021). Also, the advent of third-generation
GW observatories, such as the Einstein Telescope (Punturo et al.
2010) and Cosmic Explorer (Abbott et al. 2017a), will lead to an
accuracy in localization better than 10 deg® at z < 3, which is
enough to enable prompt and efficient multiwavelength search for
EM counterparts (Ronchini et al. 2022). A GW detector capable of
arcminute accuracy or better could be realized within the Voyage
2050 programme (Baker et al. 2021).

We made extensive use of simulated multifilter LCs of KNe
obtained with the POlarization Spectral Synthesis In Supernovae
(possis; Bulla 2019) code. Similar works recently carried out (e.g.
Scolnic et al. 2018; Setzer et al. 2019; Almualla et al. 2021;
Andreoni et al. 2022; Chase et al. 2022; Colombo et al. 2022) focus
on optimizing strategies of wide field and follow-up facilities to
detect KNe. In this work, instead, we aim to determine the optimal
combinations of time exposure sequence and filters that help to
constrain the model parameters with follow-up instruments.

We chose to study the specific case of small-medium-class
instruments; we considered two optical imaging cameras that are
currently deployed at the 2-m fully robotic Liverpool Telescope
(Steele et al. 2004): Multicolour OPTimised Optical Polarimeter
(MOPTOP, Shrestha et al. 2020) and 10:0 (Smith & Steele 2017).
We assume that a network of similar telescopes and instruments (e.g.
Tsapras et al. 2009) is located throughout a range of longitudes such
that 24-h coverage is available. Given the interest in such sources,
this assumption is reasonable in that most telescopes worldwide are
likely to be involved in the follow-up of such rare events (e.g. Brown
etal. 2013).

In Section 2, we describe the characteristics of KN models
generated with POSSIS. In Sections 3 and 4, we describe, respectively,
the preliminary procedure and results obtained under the hypothesis
of known source distance. In Sections 5 and 6, we introduce the
procedure and the results we adopted under the assumption of a
distance uncertainty. We report our conclusions in Section 7.

2 MODEL PARAMETERS

‘We use KN models produced with POSSIS, a 3D Monte Carlo radiative
transfer code that predicts photometric and polarimetric signatures
of supernovae and KNe (Bulla 2019). The modelled ejecta are taken
from Nativi et al. (2021), where a neutrino-driven wind as described
in Perego et al. (2014) was evolved assuming that either no jet
(Wind), or a jet with a luminosity of L; = 10* ergs™! (Jet49), or
a jet with L; = 10°" ergs™' (Jet51) is launched. The wind mass
is dominated by a secular component ejected 1s after the merger
with 0.072 Mg. Unlike in Nativi et al. (2021), here we include an
additional component to model dynamical ejecta. Specifically, we
adopt an idealized geometry for this component, with a lanthanide-
rich dynamical ejecta component (¥, = 0.15 and velocities from
0.08 to 0.3¢) from the grid in Dietrich et al. (2020) and selecting the
best-fitting model to the KN of GW 170817 (mass 0.005 M, and half-
opening angle of 30°). These models are referred to as Wind-dyn,
Jet49-dyn, and Jet51-dyn to distinguish them from those in
Nativi et al. (2021). Fig. 1 shows density and Y. distributions for the
three models.

Radiative transfer simulations are carried out for the three models
using the latest version of POSSIS (Bulla 2023). Compared with the
first version of the code (Bulla 2019, also used by Nativi et al. 2021),
the improved version assumes heating rates (Rosswog & Korobkin
2022), thermalization efficiencies (Barnes et al. 2016; Wollaeger et al.
2018), and wavelength- and time-dependent opacities (Tanaka et al.
2020) that depend on the local properties of the ejecta such as density,

2517
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Figure 1. Density (left) and Y. (right) distribution in the x—z plane for the
three models used in this study (Wind-dyn, Jet49-dyn,and Jet51-dyn
from top to bottom). Density maps are shown at 1 d after the merger.

temperature, and electron fraction. For each of the three models, we
extract KN LCs for 11 different inclination angles for each model.
Consequently, for a given distance and filter one has 33 different
LCs. LCs are computed by POSSIS from 0.1 to 30 d after the merger,
but for this work we focus on the time window from 1.0 to 5.0 d
after the merger. We decided to ignore the code predictions earlier
than 1 d after the merger because current opacity values assumed by
possIS are likely affected by inaccuracies in the presence of highly
ionized ejecta (Tanaka et al. 2020). We do not consider LCs after 5 d
due to the low value of flux.

The viewing angle 0 is defined as the angle between the direction
perpendicular to the merging plane and the line of sight. We used 11
values for the viewing angle separated by a constant step in cosine
of 0.1: cos @ can assume the values 0, 0.1, 0.2, ..., 1, with cos =
0 corresponding to an observer in the merger plane (edge-on view)
and cos 6 = 1 to an observer along the jet axis (face-on view). We
assumed the following range of values for distance: 20, 40, 80, 160,
250, and 350 Mpc.

We chose to evaluate our results considering observations in the
Sloan filters i, 7, and u (hereafter referred to as i, r, and u).
These wavebands were chosen as being commonly available at most
telescopes. In particular, we were keen to understand what (if any)
additional value was added by carrying out u-band observations,
which are generally seen as more difficult than the r and i bands

MNRAS 522, 2516-2524 (2023)
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Figure 2. LCs for different models and viewing angles; first column refers to filter i, second one to filter r, and third to filter u; the source has a distance of 160
Mpc. Grey area corresponds to the first day after the merger: LCs are not considered due to the inaccuracy in estimating the opacity. The blue area corresponds
to the values in magnitude higher than the limiting magnitude of each filter, obtained with a time exposure of 1 h.

due to lower system throughputs and detector quantum efficiencies
at near-ultraviolet wavelengths.

InFig. 2, we show the LCs obtained with d = 160 Mpc for different
filters, models, and viewing angles. The KN brightness decreases
going from the jet axis (cosé = 1) to the merger plane (cosf =
0) for all the three models, an effect that is caused by the presence
of lanthanide-rich dynamical ejecta material absorbing part of the
escaping flux (‘lanthanide curtain’; Kasen, Fernandez & Metzger
2015; Wollaeger et al. 2018). The area highlighted in light blue in
Fig. 2 shows, for each filter, the magnitudes that are not detectable.
Limiting magnitudes were obtained imposing a minimum signal-to-
noise ratio (SNR) threshold of 5. See Appendix A for more details.

‘We point out that our study is restricted to a specific configuration
in terms of ejecta properties (e.g. masses and compositions), since
we do not aim to assess the ability of medium-size telescopes to

MNRAS 522, 2516-2524 (2023)

constrain these properties, but rather to select the correct model and
correct viewing angle. Extending this analysis to a large grid of
models with different ejecta properties is beyond the scope of this
paper and could be done in the future.

3 PROCEDURE WITH KNOWN DISTANCES

In order to find a reasonable time exposure sequence necessary to
distinguish between different KN models characterized by different
viewing angles, we follow three main steps:

(i) We considered four different time exposure sequences, see
Section 3.1 for a detailed explanation.

(ii) For a fixed distance and filter, we add the appropriate photon
counting noise to the LC; the results depend on the time exposure
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Table 1. Duration of time exposure windows and cadence for four different
time exposure sequences.

Name Duration Cadence (d)
Time exposure window (h)
A 0.5 0.25
B 1 0.5
C 2 1
D 4 See Section 3.1 for a description

sequence; we apply this step to all 33 LCs. Henceforward we will
call the LC with noise ‘LCN’ (see Section 3.2).

(iii) We compare LCN with the LCs without noise and we analyse
how often we are able to identify the correct LC. This is done for
each combination of distance and filter. We repeat this for all the 33
different LCNs (see Section 3.3).

In the first part, the distance of the source is assumed to be known
with negligible uncertainty, so we compare LCNs with LCs at the
same distance.

3.1 Time exposure sequences

We considered four different time exposure sequences (hereafter,
referred to as A, B, C, and D), each of them with a total net exposure
of 8 h. Table 1 reports the time windows and cadence for A, B, and C
sequences. Sequence D requires a separate description: it consists of
two 4-h intervals 1 d apart. The exact times of the two observations
are determined by maximizing the difference between the two
expected magnitude values taking into account the corresponding
uncertainties. To this aim, for each instant we find the median of

‘mmndel- - ﬁl
EE—— ()]

O,

where mpoder; is the magnitude of the ith LC at that instant, 72 is the
mean of all 33 LCs at that instant, and o,,, is

1

T = 0d/Fileg In(10)

where F; is the photoelectron count expected in 1 s for the ith model
and fop, = 4 h. We sum the median (equation 1) obtained with
different filters and distances and we find the mean value of this
quantity in 4-h intervals. We finally determine the maximum of the
sum of the value obtained in two 4-h intervals 1 d apart. In this way,
we obtain the intervals where the models are more different. Fig. 3
displays the resulting time windows.

3.2 Adding noise to light curves

We used A, B, C, and D time exposure sequences to simulate different
LCNs for all combinations of filters, distances, viewing angles, and
models. In more detail, at each time we calculated the expected
photoelectron counts as fex, (F + Fyy), where Fg are the counts s~!
due to the sky (see Appendix A for more details). We then obtained
the simulated counts Cp by adding the statistical noise assuming the
Poisson distribution.

The noise-affected flux of the kth LC is calculated as follows:
C
Fnoise.k = R sky s (2)
texp

along with the corresponding magnitude

Mpoise,k = Ip — 2.5 10gm (Fnoisc.k) . (3)

2519

Equation (3) gives a generic LCN. Fig. 3 shows the results of this
step.

3.3 Comparison between LC with noise and models

We compare any given LCN with all of the 33 models and select the
model that minimizes the following x:

2
Xz(k, l) _ i <mm0de], (t]) — Mpoise;. (tj)) 1 (4)

M)
=0 Oimnoisey (1) N,

where we are summing over the NV, different data, i and k, respectively,
identify LC and LCN, and o, .« is the uncertainty on mpise
obtained by error propagating from Cpy, using equations (2) and (3)
and assuming o¢, , = /Cp. Itis given by

VCr.i )

- 0~4Fn0isc,k In (lo)tcxp ’

U"lnmse.A

In this way, we obtain, for each model, viewing angle and distance
(so, for each configuration), using four different time exposure
sequences, the number of correct/incorrect matches.

4 RESULTS WITH KNOWN DISTANCES

Fig. 4 shows, for each distance and for each model, the number of
incorrect matches out of 33 comparisons. Noticeably, it is better to
avoid u filter. Hereafter, in our analysis, we will consider only i and
r filters.

We take note of three different kinds of mismatching errors
between the simulated data points and the model LC:

(i) The most similar curve model corresponds to the simulated
model, but the viewing angle is wrong.

(i1) The most similar model turns out to be different from the
original one.

(iii) LCN is not detectable because the magnitude value is higher
than the limiting value for each point of LCN.

We summarize the results about the most common mismatches
(i.e. misidentifications) in the left-hand pie of Fig. 5. The outermost
ring corresponds to the different number of mismatches obtained
with the four exposure combinations (i and r filters); the innermost
one refers to the different kinds of mismatches. Overall, most of the
mismatches are of type (iii). The percentage of mismatches of type
(ii) is higher than that of type (i). Type (ii) mismatches are shown in
the central pie of Fig. 5 including both i and r filters; undetectable
LCs are ignored. The number of mismatches is quite similar among
all the kinds of models and with every sequence. If we consider i
and r filters individually, the results are similar; if we include the not
detectable LCs, the number of mismatches with Wind-dyn model
increases. Let 0 be the viewing angle of the LCN. We check if
there is any particular value of 6, for which we have most of the
mismatches and how significant the mismatch is for the different
viewing angle 6. As shown in the right-hand pie of Fig. 5, D time
exposure sequence has a wider range of starting angle that can bring
to mismatches; with A, B, and C most mismatches happen for 78°
< 6y < 90°. Analysing the difference between cos 6 and the value
of cos 6 of the most similar LC, we find that with C time exposure
sequence we always have |Acosf| < 0.1; with A and B we have
more than 80 per cent of mismatches with [Acos 6| < 0.2, with D it
is 62 per cent.

MNRAS 522, 2516-2524 (2023)
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Figure 3. Each panel refers to a different time window sequence: A, B, C, and D. In yellow, A, B, C, and D time windows; in each plot, LCs referring to

Jet49-dyn model, d = 350 Mpc, and i filter. Black lines are LCs with cos

6o = 0.8, black points refer to the corresponding LCNs.
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Figure 4. Number of wrong matches as a function of distance for different filters and different time exposure sequences.

a)

s wrong viewing angle Wind-dyn mmm c0s6,=0.0 cosfo=0.4 wam cosf=0.8

wrong model mmm Jet49-dyn mmm c0s6p=0.1 cos6y=0.5 mmm cos6p=0.9

wwm not detectable mw Jet51-dyn mm cosBp=0.2 cos6y=0.6 mmm c0s6p=1.0
cos6y=0.3 cos6y=0.7

Figure 5. For every different time exposure sequence, we analyse the type of mismatch that occurs in comparing the simulated curve with the model ones. We
considered both i and r filters. (a) In the outer ring, the number of wrong matches for each time exposure; in the inner ring, the kind of mismatch. (b) For every

different time exposure sequence, we analyse which model is more difficult

to detect. In the outer ring, the number of wrong matches for each time exposure;

in the inner ring, the number of mismatch for each kind of model. (c) In the outer ring, the number of wrong matches for each time exposure; in the inner ring,

cos 6.

The fact that the most of the mismatches refer to edge-on view
and that 7 and r filters perform better than u can easily be understood
looking at Fig. 2:

(i) Edge-on-view LCs are more significantly affected by statistical
noise, since they have lower fluxes than face-on ones; also, they can

MNRAS 522, 2516-2524 (2023)

partially or totally fade below the limiting magnitude to the point
that they become undetectable.

(ii) u-filter LCs have lower fluxes and their limiting magnitude
value is lower than i and r ones; these characteristics lead to a low
performance of the u filter.
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5 PROCEDURE WITH DISTANCE
UNCERTAINTY

We now examine the realistic situation of non-negligible uncertainty
on distance, and, in addition, the possibility that there is no informa-
tion on the distance of the source as well as on the time of the merger.
We restrict our analysis to i and r filters, due to the low performance
of u.

5.1 1 and 2 per cent error on distance

We analysed the consequences of an error on distance of 1 and 2
percent. Such a level of accuracy in estimating the distance based
on GW data alone appears to be feasible for a sizeable fraction of
cases: third-generation GW detector network will measure distances
with an accuracy of 0.1-3 percent for sources within <300 Mpc
(see fig. 9 from Gupta et al. 2019). To study this case, when we
look for the matches between LCN and LCs, we shift the magnitude
of the LC models due to the error on distance. We consider both
a 41 percent (+2 percent) and —1 percent (—2 percent) error on
distance.

5.2 Unknown distance, x>-minimization technique

Let us assume that we have no information on distance as well as on
the merger time. When we have to compare LCN with LCs, we start
using the LCs model with the intermediate distance of 160 Mpc (LC-
160) and we shift LC-160 both in time (A7) and in magnitude (Am),
in order to find, among the 33 comparisons, Arand Am that minimize
x? (equation 4). Once we have Am, we follow this procedure:

(i) We use Am to find an estimated distance (d;) of the source.

(ii) We create a set of LC models with which to compare LCN,
with a step of 0.1 mag between one model and the following one.

(iii) We choose the model with the nearest distance to d;.

(iv) We compare LCN with the model at the most similar distance
with dg, shifting LCs both in time and magnitude to find the best
match.

5.3 Colour curves technique

We adopted colour curves to try to limit the possible effect of distance
uncertainties. To create colour curve with noise (CCN), we add noise
to LCs with different filters, then we subtract them. Since CCNs have
a dependence on distance (even if small), when we compare CCNs
with colour curve models (CCs), we compare them with CCs model
at the intermediate distance of 160 Mpc (CC-160).

6 RESULTS WITH DISTANCE UNCERTAINTY

6.1 Single filter technique

In Fig. 6, we present the number of wrong matches that occur in 33
comparisons with A, B, C, and D time exposure sequences, using
filters individually. We reported the results obtained without error on
distance and we compare it with what we obtain with an error of 1
per cent, 2 per cent, and without information on distance and time of
the merger. For 1 per cent (and 2 per cent) error on distance, we plot
the highest number of mismatches between +1 and —1 per cent (+2
and —2 per cent).

For each filter, each distance, we compare the results obtained with
A, B, C, and D checking if the number of mismatches within each

2521

time exposure sequence is compatible with the best results obtained
within the limits of Poisson statistics.' In Fig. 6, we marked with ‘x’
the cases that are significantly different from the best value obtained
with other time sequences; if the error on distance is <2 per cent, no
particular statistical differences emerge between sequences A, B, and
C. When the distance is unknown, C and D time windows should be
avoided. Hereafter, we restrict our analysis to A and C time exposure
sequences, since C, with 1-d cadence, can easily be carried out with
a single telescope, but should be avoided when no information on the
source distance is available. The comparison between i and r shows
that they are equivalent.

6.1.1 Error on distance <2 per cent

Focusing on time sequence C with error on distance <2 per cent,
Fig. 7 shows that the number of mismatches of types (i), (ii), and
(iii) is mostly the same. The number of mismatches concerning
the models are equally distributed between Wind-dyn, Jet49-
dyn, and Jet51-dyn, provided that the LC can be detected. If we
consider also not detectable LCNs, Wind-dyn model mismatches
increase (i.e. Wind-dyn model would be harder to be detected).
With an error on distance of 1 per cent, the majority of the mismatches
are in the interval 73° < 6y < 90°; this interval becomes wider
for increasing errors on distance. When the error on distance is
<2 per cent, both with i and r filters we have |Acos 6| < 0.2 for all
the mismatches.

6.1.2 Unknown distance

If we do not have information about the distance, in order to have the
lowest number of mismatches, it is recommendable to use A time
window sequence; with this sequence the number of mismatches of
types (i), (ii), and (iii) is similar; also, the mismatches concerning
the models are equally distributed among Wind-dyn, Jet49-dyn,
and Jet51-dyn. Regarding viewing angle mismatches, they occur
with the same frequency for every 6; furthermore, |Acos 6| < 0.2
for 82 per cent of mismatches.

6.1.3 Focus on viewing angle estimation

For each combination of distance and of its error, we adopted the
following procedure: for each viewing angle 6, we determined the
uncertainty on the estimated viewing angle 6.y, using either C or A
time sequence, respectively, for error on distance <2 per cent and
for unknown distance. Then, we took the largest uncertainty among
all the values of 0: in this way, we associated to any combination
of distance and error on it with a conservative uncertainty in the
estimated viewing angle, as the result of any possible value of 6.
Table 2 reports the results.

If the error on distance is <2 per cent, the error on 6. is always
<7°; these errors implicitly assume that the inaccuracies intrinsic to
the POSSIS models and its assumptions are negligible. In practice,

'When we compare the results of two observations N and N, we assume
that the numbers of wrong matches are independently Poisson distributed.
Consequently, [N, — N | is the absolute value of a Skellam-distributed random
variate. We calculate the probability of having >[N, — Nj| assuming as
expected value for the common Poisson distribution the mean value of N
and N,. When the probability is <5 per cent, the two numbers are considered
significantly different.
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Figure 6. The number of wrong matches that occur in 33 comparisons with A, B, C, and D time exposure sequences with a known distance (blue line), with
an error of 1 per cent on distance (yellow line), 2 per cent (cyan line), and without any information about the distance and the time of the merger (orange line).
Points marked with ‘x’ refer to values that are significantly different from the best value obtained with other time sequences.
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Figure 7. Using time sequence C, we consider the number of wrong matches we have when we make an error on distance of 1 and £2 percent. (a) In the
outer ring, the number of wrong matches for each error on distance; in the inner ring, the kind of mismatch. (b) For every different model of the simulated
source, we analyse how many mismatches we have. (c) For every different observational direction, we analyse the number of mismatches.

Table 2. The higher standard deviation on g for different distances.

1 percent distance 2 per cent distance

d (Mpc) err. err. Unknown distance
20 3° 4° 11°
40 2° 7° 7°
80 1° 4° 5°
160 3° 4° 12°
250 2° 4° 14°
350 7° 4° 25°

should this be no more the case; an independent estimate of the
viewing angle, combined with the errors reported in Table 2, could
help to constrain the POSSIS accuracy, thus providing useful feedback
to tweak and refine the code itself.

MNRAS 522, 2516-2524 (2023)

6.2 Colour curve technique

For each time windows sequence, we analysed the results obtained
comparing CCN with CC-160 for i—r CCs. As we can see in
Fig. 8, this procedure gives a higher number of wrong matches
than single filter techniques; this is due to the fact that the use
of two LCs increases the possibility that, in a given instant, there
is at least one undetectable LC. Moreover, uncertainties on both
curves combine and lower the SNR; furthermore, LCs in i and r are
really similar and there is really little viewing angle dependence
in i-r colour. We do not consider i—u and r—u CCs due to u-
filter outcomes; using another filter combined with i and r might
lead to better results. Finally, since there is a slight dependence of
CCs on distance, we use in the comparison CC-160; this makes
the match more difficult when the distance is highly different from
160 Mpc.
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Figure 8. Number of wrong matches as a function of distance for different
time exposure sequence using colour curves i—r.

7 CONCLUSIONS

The aim of the paper was finding the best strategy to characterize
accurately localized KNe with follow-up small-medium-size optical
telescopes. We found that the use of the u filter should be avoided, due
to the high number of mismatches with all the time window sequences
considered in this work (see Fig. 4). Even a procedure with i—r colour
curve is not as convenient as one might think: it gives a higher number
of wrong matches than single filter technique, due to the fact that the
use of two LCs increases the possibility that, in a moment, there
is at least one undetectable LC. Alternative time window sequences
sharing the same total net exposure and with at least four observations
and a maximum cadence of 1 d are essentially equivalent, provided
that the error on distance is <2 per cent. Consequently, we suggest
to use 1-d-cadence sequence, because it can be easily realized. If the
distance of the source is unknown, short-cadence (<0.5 d) sequences
are preferable.

Finally, we demonstrated that, for any distance considered in the
present analysis (from 20 to 350 Mpc) and an error on distance
<2 per cent, the viewing angle is estimated very accurately: the
correct value is always compatible with the estimated one within
uncertainties, with an error that is always <7°. This means that
an independent measurement of the viewing angle could help to
constrain the accuracy of POSSIS, providing useful information to
refine the code itself. In addition, more stringent constraints on
the viewing angle can better reduce the distance—inclination angle
degeneracy in GW data, and, consequently, lead to a more accurate
estimate of the distance and of the Hubble constant H (e.g. Guidorzi
et al. 2017; Dhawan et al. 2020; see Bulla et al. 2022 for a
review).
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The uri LCs for the six models used in this study will be made
available at https://github.com/mbulla/kilonova_models. The POSSIS
code used to simulate the LCs is not publicly available.
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APPENDIX: EXPOSURE TIME FORMULA FOR
A SINGLE FILTER

We calculate Fj,, defined as the minimum photoelectron count
collected in 1 s to have a detectable signal, assuming a limiting
SNR, SNRj;,, = 5, through the following equation:

SNR]im — Flim tcxp ,
vV Eimtexp + Fskytexp
with

Fsky — 10().4(Zp*m>ky) A

where zp is the instrument zero-point referred to a particular filter (the
magnitude corresponding to one detected photoelectron per second),
Mgy is the sky magnitude in 1 arcsec?, and A is the area of the
photometric aperture used. We used zp and mgy values as suggested

MNRAS 522, 2516-2524 (2023)

Table Al. zp and mgy values.

Msky
Filter Zp (mag arcsec™2)
i 25.06 17.3
r 15.39 18.4
u 21.00 18.0

at the Liverpool Telescope website,” assuming Mgy as intermediate
between a dark and a bright sky (Table Al). Since the typical La
Palma seeing is 0.75 arcsec, we adopted an aperture diameter two
times that value (i.e. 1.5 arcsec), which yields A = 1.8 arcsec?.

Zhttps://github.com/LivTel/ETC_calcs/blob/master/NRT _calc.html

This paper has been typeset from a TEX/IATEX file prepared by the author.
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