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Chapter 1

Cosmic Rays

1.1 Introduction

In 1911 and 1912 Austrian physicist Victor Hess made a series of ascents in a
hydrogen balloon to take measurements of radiation in the atmosphere. He was
looking for the source of jonizing mdiatio that registered on an electroscope.
Initially the prevailing theory was that the radiation came from the rocks of the
Earth.

In 1911 his balloon reached an altitude of around 1100 m, but Hess found no essential
change in the amount of radiation compared with ground level. Then, on 7 August
1912, in the last of seven flights that year, Hess made an ascent to 5300 m and found
an increase of the ionization rate if compared to the sea level. His result was later
confirmed by German physicist Werner Kolhoérster; he took balloon measurements
up to a height of 9300 m founding again an increase of the ionization up to ten
times that at sea level (Figure . The intensity of the radiation, at a fixed
altitude, was relatively constant, with no day-night or weather dependent variations.
This was the evidence that the source for these ionizing rays came from above the
Earth’s atmosphere and it was therefore confirmed unambiguously that an unknown
radiation with an extreme penetrating power was causing ionization.

Hess had therefore discovered a natural source of high-energy particles coming
from the outer space: Cosmic Rays (CRs) [74]. He shared the 1936 Nobel prize in
physics for his important discovery, and cosmic rays became a useful tool in physics
experiments.

1.2 Energy Spectrum

The Earth’s atmosphere is continually crossed by cosmic rays (primary CRs), uni-
formly and isotropically, that interacting with the atmosphere nuclei originate the
so-called secondary CRs. The energetic particles that arise from this process collide
in turn with other nuclei producing a "cascade of particles", which is called Fxtensive
Air Shower (EAS) [26], as shown in Figure [l.2. Through several experiments one
can study these showers and draw conclusions on CR characteristics. However, one

'Radiation that carries enough energy to liberate electrons from atoms or molecules, thereby
ionizing them.
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Figure 1.1. Variation of ionization with altitude. Left panel: Final ascent by Hess (1912),
carrying two ion chambers [74]. Right panel: Ascents by Kolhorster (1913, 1914) [82].
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Figure 1.2. Schematic view of an air shower with separated hadronic, muonic and
electromagnetic component (from [119]).

have to take into account the rate at which the particles arrive, depending on their
energy.

The flux of cosmic particles is steeply falling with increasing energy, in fact the
differential cosmic rays spectru is well described by a power law distribution
over a wide energy range, from few hundreds MeV up to about a hundred EeV

[58] (Figures [1.3[ and [1.4)):
dN

There are four regions in the spectrum, each characterized by a specific value of

2Number of particles per unit time and unit solid angle incident on a unit area surface orthogonal
to the direction of observation.
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Figure 1.3. All-particle spectrum of cosmic rays, with it’s two features, the knee and the
ankle.

the spectral index v and connected at three points: the knee at ~ 3 - 10 GeV, the
second knee at ~ 3 - 108 GeV and finally the ankle at ~ 5 - 108 GeV. Below the knee
v & 2.7, steepening to v ~ 3.1 and then v ~ 3.3 until the spectrum flattens at the
ankle, above wich v ~ 2.6 (Figure [1.4).

The trend of the CRs spectrum can be explained by assuming that the CRs reach
these energies through the so called "first order Fermi acceleration mechanism" (see
Section , which can explain a flux proportional to E~2; at this point different
effects change the spectrum in the observed one.

The lowest energy band is dominated by particles trapped in the solar wmcﬁ [54].
The variability of their rate follows the solar cycle. In fact, during periods of high
solar activity the solar wind interacts with the incoming CRs, disturbing their
propagation to the Earth and reducing the observed flux. Conversely, the CRs flux
reaches its maximum during the periods of low solar activity. This phenomenon is
known as solar modulation and has a cycle of about 11 years. In the second band the

3Charged plasma emitted by the Sun.
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Figure 1.4. All-particle spectrum of cosmic rays, reconstructed from air showers observed
by various experiments (from [23]). The differential energy spectrum has been multiplied
by E27 in order to display the features of the steep spectrum that are otherwise difficult
to discern (the second knee at 1017 eV) [23]. The grey box is the region where direct
observations of cosmic rats have been made. AGASA measurements show events with
energy > 10%° eV [116], in contrast with the GZK cut-off.

confining effect due to the galactic magnetic field works by changing the spectrum.
Beyond the ankle CRs can not be confined in the galaxy volume by the galactic
magnetic field and so this break in the spectrum slope could mark the transition
between galactic and extragalactic cosmic rays.

Above 1 EeV particles are considered to be of extragalactic origin, because the radius
of curvature of their trajectories in the galactic magnetic field exceeds the size of the
Galaxy. The origin of the particles beyond the knee is not yet understood. Several
models have been proposed to explain the acceleration mechanism bringing CRs to
these extreme energies. There are three most developed scenarios:

o A change of the propagation of galactic cosmic rays, corresponding to a more
rapid particle escape from the Galaxy [106].

e A change of the acceleration mechanism is directly responsible for the knee. It
is argued that the maximal energy of acceleration in supernova shock fronts
corresponds to the knee energy (see e.g. [81]).

o Presence of only one or few sources (supernovae) nearby the Earth. The
consequences of this assumption to the cosmic ray spectrum are developed in

I51).

The flux is then strongly suppressed at energies above 4 - 10' V. For these reasons
Ultra High Energy Cosmic Rays (UHECRs) are a topic of high importance. Greisen
[68], Zatsepin and Kuzmin [88], after the discovery of 2.7 K black body relict
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Figure 1.5. Fluxes of nuclei of the primary cosmic rays as a function of the kinetic energy
per nucleus [35].

radiation (Cosmic Microwave Background, CMB), pointed out that the power law
of CRs should not exceed the energy at which they start interacting with the CMB.
The involved reaction (with threshold of about ~ 6 - 109 GeV) is:

+7r
n+mnt

P+ yoMB — { (1.2)

where protons p interact with remnant photons from the Big Bang, yomp, via AT
resonance producing a nucleon (either a proton or a neutron) and a pion that is
either positively charged (77) if a neutron is created or neutral (7°) if joined by
a proton. Below the threshold energy the proton attenuation length is 1000 Mpc,
while above the threshold it is reduced only to 20 Mpc. Similar effect appears, at
higher nuclei energies, also for heavier nuclei and it is known as GZK cut-off. It
would limit propagation of UHECRs to distances of order 20 Mpc and within this
distance no suitable astrophysical source is known.

However, measurements by Akeno Giant Air Shower Array (AGASA) experiment
observed significant number of events above the GZK cut-off (11 events above 102
eV) [L16][109][113] but this is the only measure that does not seem to observe
the GZK cut-off so far. Other experiments, like HiRes [34] and the Pierre Auger
Observatory [14], made measurements in this energy region by confirming a reduction
of the particle flux for energies above the GZK threshold. (Figure [1.4)).

Figure [1.5 shows that the energy spectrum for the different nuclei that compose
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the CRs is consistent with the overall spectrum up to energies close to the knee.
The study of the relative abundances of these elements gives information about
the acceleration mechanisms at the source and the propagation mechanisms in the
Interstellar Medium (ISM). Indeed, any theory explaining the features in the cosmic
ray spectrum will be tied to the composition at the energy of the feature.

1.3 Composition

Through experiments performed at high altitude (with balloons like or satellites) it
has been possible to determine the composition of cosmic rays in the energy range
between 108 eV and 10'* eV; for energies beyond 10 eV the flow is so small (as
shown in Figure which requires the use of large detectors, necessarily on the
Earth’s surface, that allow to study the particle showers produced by the primaries.

Nuclear abundance: cosmic rays compared to solar system
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Figure 1.6. Abundances of elements observed in the cosmic rays compared to the Solar
System abundances. Abundances normalized to the value of 100 for Carbon.

Experiments showed that CRs are composed by protons (H, 85%), « particles (He,
12%), electrons (2%) and the remaining 1% by photons, heavy nuclei and neutrinos
[58]. Comparing this composition with the abundances of metals in the solar system
(Figure it is immediate to assume that a large fraction of cosmic rays is produced
in stellar environments, and their interaction with the interstellar medium (ISM) is
responsible for the differences between the two distributions. In fact, in the CRs,
elements lighter as Li, Be and B are much more abundant, and Sc, Ti, V, Cr and
Mn are among the heaviest ones. These elements are present in CRs since produced
by the interaction of oxygen and iron atoms respectively with the ISM by means of
spallation reactions.
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At lower energies these measurements are easier than at highest ones, mainly
because at high energy, when the particle fluxes can be studied only by analysing the
extensive air showers induced by the primary CR interactions, the mass reconstruc-
tion becomes difficult. For this reason the UHECRSs composition is still very much
under debate. Some observations favor a transition towards heavier elements just
before the cut-off [1], while other are also compatible with a pure proton composition
[115].

1.4 Acceleration Mechanisms

The power law behavior of the energy spectrum observed by Earth (see Section|1.2) is
most probably indicative of a power law acceleration spectra, while spectral features
may be assigned to changes in the origin of particles and/or their propagation.

Energy spectrum produced by Fermi acceleration

Let consider the energy transfer AE following a random collision involving particles.
It is proportional to the energy of the particle itself:

AFE = ¢E, (1.3)

where £ is then the amount of increasing energy; after n collisions the energy of a
cosmic ray becomes

E, = Eo(1 +&)" (1.4)

and the number of cycles needed to reach it is

In (%)
n= ﬁ (1.5)

The probability that the particle is confined until it achieves an energy F,, is given
by the ratio between the involved number of particles N and the initial one Ny:

N

pr=_.
Ny

(1.6)

From Equation [I.6 and by using Equation [1.5 the following expression can be

obtained:
N EN\?
In{—)=ln{— 1.
H(No> n<Eo> ’ (L.7)

where s = —In P/In(1 + ). Therefore, the differential energy spectrum is naturally

described by a power law:

AN
T E~(+s), (1.8)

Our knowledge about energy spectrum and composition of cosmic rays must find
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a valid process responsible for the particle energy gain. The general equation of
motion for a charged particle is:

d . §xB
= (ym@) = q(E + * .

p ) (1.9)

where v =1/4/1 — Z—; is the Lorentz factor, ¢, m and ¥ are the charge, mass, and
velocity of the particle, respectively. Equation shows magnetic fields themselves
do not work and can not be directly responsible for acceleration. A charged particle
can be accelerated (its speed is changed) by increasing its energy and this can only
be done by electric field, which are generated by variable magnetic fields.

1.4.1 Fermi acceleration of the II order

In 1949 Enrico Fermi proposed an acceleration mechanism due to collisions between
particles and "clouds" with magnetic field irregularities inside them (magnetic mir-
rors), moving isotropically in the interstellar medium [52]. After having crossed
several times regions with unevenness of the magnetic field, the energy of the particles
increases because head on collisions are on average more frequent. The energy gain
at every cloud reflection is equal to:

<AEE> N 4§2 (1.10)

For this reason this mechanism is also known as Fermi acceleration at second order
in f =v/c and it is actually not very efficient because the value in Equation [1.10 is
too small.

Starting from this theory, another one was developed, in which interactions of
particles with a hydrodynamic shock wave can possibly take place: the Ferms
acceleration of the first order, explained in the following Section [1.4.2.

1.4.2 Fermi acceleration of the I order

One of the several physicists that independently modified the study previously done
by Fermi was Anthony Raymond Bell in 1978 [30]. He improved the efficiency of
the acceleration mechanism by hypothesizing a transfer of energy caused by strong
shock-wave fronts moving in the interstellar medium with supersonic velocity U > cg,
where ¢ is the sound speed in a material. Consider the upstream fluid, not yet
reached by the shock, and the downstream one, already reached and exceeded by it.
The shock front is a transition zone in which the velocity of the fluid quickly change
because of the supersonic motion of the supernova ejecta. Particles can pass through
the shock in either direction by starting a series of diffusion processes due to the
local turbulent (irregular) magnetic field; they are then scattered and their velocity
distribution rapidly becomes isotropic in the frame of reference of the moving fluid
on either side of the shock. This process can happen several time causing the energy
gain of the particles.

The explanation of this topic will be now addressed by following Bell’s paper (1978)
[30] and the Longair discussion [94]. Let consider the reference frame in which the
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Upstream Shock front Downstream

Turbulent field lines

Vu v«l

Figure 1.7. Cartoon picture of Fermi acceleration of the Second type. A schematic typical
path of a shock-accelerated particle is shown. Each encounter with the shock yields
an average gain of energy, due to the converging flow velocities at the shock front. Dr.
Mark Pulupa’s space physics illustration: http://sprg.ssl.berkeley.edu/~pulupa/
illustrations/.

shock front is at rest: an observer sees the upstream fluid coming towards him with
velocity v1 = U > ¢s and the flow behind him leaves the shock with a downstream
velocity vo. Let be p; and py the gas densities in the upstream and the downstream
fluid respectively, the equation of continuity requires:

p2 _v1

P1V1 = Pl = — = . (1.11)
P1 V2
In the case of a supersonic shock,
‘p
2 4+1
Ao (1.12)
p2 E—1

where ¢, and ¢, are the specific heats at constant pressure and temperature, respec-
tively. Taking ¢,/c, ~ 5/3 for a monoatomic of fully ionised gas, from Equation m
follows that vy = vy /4.
Consider now the reference frame of the upstream fluid. The shock moves towards
this fluid with velocity U but the downstream one advances towards the observer
with velocity V' = 3/4U. Particles in the upstream fluid collide and can cross the
shock front to the downstream. The particle’s energy when passing through this
region is:

E'=w(E+p,V), (1.13)
where p, is the projection of the momentum perpendicular to the shock. It is

assumed a non-relativistic shock (yy ~ 1), but the particle’s velocity is close to the
sound speed, so E = pc and p, = pcosf ~ E cosf/c. Therefore,

AE:E,—ENEVCOS9:>%225COSQ. (1.14)
c


http://sprg.ssl.berkeley.edu/~pulupa/illustrations/
http://sprg.ssl.berkeley.edu/~pulupa/illustrations/
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Now it must be considered that the particles which cross the shock can arrive from
different angles from 6 to 6 + df. Being the probability that a particle arrives within
this range proportional to sin 8df and the rate at which they approach the shock
front proportional to ccos#, it can be shown that the average energy gain is:

AFE Vo2 90 . 2
<E> = ?/0 2 cos” 0sin 0df = 30 (1.15)

If the opposite situation (from downstream to upstream) is considered, an analogous
result can be reached, obtaining the same amount of energy gain indicated in
Equation [I.15] Therefore, in a round trip across the shock and back again, the
fractional energy increase is, on average,

<AE>_4V U

E

At this point the question is: what is the escape probability of particles from
acceleration sites? According to classical kinetic theory, the number of particles
crossing the shock in either direction is N¢/4, with N the number density of particles.
The particles move away from the acceleration region because of collisions with a
rate NV = NU/4. Thus, the fraction of the particles lost per unit time is:

%NU_Q
%Nc e

=3-~—-~F (1.16)

(1.17)

Only a small fraction of the particles is lost per cycle because the shock is assumed
to be non-relativistic. This allows particles to undergo several acceleration cycles
and achieve energies of the order of ~ 10'® eV on the relevant timescale for SNR
shock expansion. Therefore, the escape probability is:

P= g (1.18)

C

Considering these results, the differential energy spectrum in Equation becomes:

dN

Pl
In this way it is demonstrated that the Fermi acceleration at first order is much
more efficient than the original mechanism explained by Fermi himself, but it is
still not enough; the spectrum in Equation [I.19 is a simple power law with spectral
index v = 2, hence it does not match the observational properties of CRs. However,
a complete description of the flux measured at Earth should consistently include
the propagation of CRs from their acceleration site to the Earth. This process is
partially responsible for the steepening towards E—25.

E~2 (1.19)

Lagage and Cesarsky [90] described this process for shock wave fronts produced close
to supernova explosions; in the hypothesis of shock velocity parallel to magnetic field
direction, the finite lifetime of the shock limits the maximum energy per particle
that can be achieved at supernova shock to Epax ~ 1014 eV x Z) [59]. This value is
obviously too low because we observe more energetic particles too (see Figure ,
therefore accelerations near supernovae does not explain the whole particle spectrum
and there must be other sources for more energetic cosmic rays.
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1.5 Galactic or Extragalactic origin

The change in the slope of the energy spectrum and in the composition from protons
to iron in the knee region suggests that there are two different kind of cosmic ray
sources: galactic and extragalactic.

An argument favoring an extragalactic origin of cosmic rays for the highest ener-
gies is the isotropy of their arrival directions on large scales that could suggest a
cosmological distribution of their sources. However, some experiments have shown
anisotropies in CRs flux (Pierre Auger Observatory [2], TibetASy [22], ARGO-YBJ
[114], Milagro [12] and IceCube [5]). This deviation from the expected isotropy could
be due to a non-uniform distribution of the sources, which are at the level of few
parts per hundreds ot even thousands [33] [72] [73].

It is possible to establish the origin of cosmic rays as a function of energy with simple
scale considerations. The distance scale that a charged particle may travel inside
a magnetic field is of order of its Larmor radius or gyromdiusﬁ [40]. For a particle
with charge ¢ = eZ, velocity v = B¢, immersed in a magnetic field B it is given by:

E
Rp=——. (1.20)
Zle|BBe
For a relativistic proton (Z =1 and § ~ 1) it becomes:
EleV
Rufpd] = 1.08 - 10-2 Z1V] (1.21)

BIG]

If we consider the energy value E = 10'® eV and the magnetic field that fills the
Galaxy (average density B ~ 4 uG), we obtain Ry, = 300 pc, comparable to the
vertical dimension of the Galactic disk (see Figure . At low energies, therefore,
the origin of CRs is predominantly galactic, instead the high-energy cosmic rays are
less bound to the Galaxy.

globular clusters —

® disc h = 300 pe

gas/CR halo

Figure 1.8. Simplified model of the structure of the Milky Way galaxy with a gas and
dust disc, an extended halo of gas and cosmic rays, surrounded by globular clusters.
Everything is immersed in a halo of dark matter. [79]

4Radius of the circular motion of a charged particle in the presence of a uniform magnetic field.
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We should keep in mind that at a given energy the gyroradius is larger for smaller
charge of the particle. Therefore, if UHECRs are mostly protons, due to their large
gyration radius, they would be not deviated significantly by magnetic fields, so they
should point back to their sources within an angle that depends on the intensity of
the intergalactic magnetic field. This concept is at the base of the so-called proton
astronomy, which however constitutes a challenging task due to the very limited
particle flux in the UHECR domain. For heavy nuclei, the effect of the magnetic
field becomes more important. If heavy elements are found to be in the UHECR
flux on Earth, they also have to be present at the acceleration sites.

1.6 Sources of High Energy CRs and Hillas plot

Since the CRs discovery we have learned about many of their features, such as their
large energy span, their composition and the behavior as a function of energy, of
their flux but the source and origin of the highest-energy cosmic rays still elude us.

The so-called Hillas criterion [79] helps to answer these questions. This is in
fact the minimal condition that a source must satisfy in order to be able to accelerate
particles to ultra-high energies: the Larmor radius must be smaller than the
size scale R of the system. For known magnetic fields and source sizes, one can
constrain thus the maximal achievable energy as:

Emax = T'¢BR. (1.22)

The Lorentz factor I' introduced in Equation accounts for a possible relativistic
bulk motion of the source and it is relevant only for gamma-ray bursts (treated in
depth in Section [2) and other relativistic sources [79).

Thanks to the Hillas-Plot in Figure one can classify some potential astrophysical
sources for cosmic rays at different energies based on their physical characteristics:
magnetic field B and linear size R. It shows that possible accelerators range from
neutron stars (&~ 10 km), namely remnants that can result from the gravitational
collapse of a massive star in a supernova explosion, up to galaxy clusters, which can
compensate small B values for large dimensions of the confinement zone (order of
Mpc).

Even by just applying the Hillas criterion, quite a lot of objects can be ruled out as
UHECR sources. In order to reach very high energies, there is a need for both very
high magnetic fields and large dimensions of sources. In the first case, however, the
contribution of synchrotron radiation becomes important for protons too (the power
emitted Pynen is proportional to B?), so the energy loss by particles is too high;
in the second one, this kind of objects takes more time to accelerate the particles,
which are lost because they can interact with CMB photons by producing pions. For
these reasons neutron stars (with very high B) and galaxy clusters (too larger in
size) can be excluded as UHECRs sources. A better candidate for the higher energy
cosmic radiation is the acceleration in compact sources: Gamma-Ray Bursts (GRBs)
and Active Galactic Nuclei (AGN).
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Figure 1.9. Hillas Plot [83]. It relates the magnetic field B in potential cosmic rays sources
to their dimension R. The diagonal lines show the regions for which the product BR
satisfies the Hillas criterion for different composition of the primary cosmic rays, i.e.
protons with E =1 ZeV = 102! eV (blue line) or iron nuclei with E = 100 EeV= 10%°
€V (red line). Uncertainties on the parameters are taken into account and increase the
covered area.

1.6.1 Supernovae Remnant

Most galactic astrophysical sources are connected with type II (or core-collapse)
supernovae (SN) and their remnants (SNRs). A SN II is the end of the fusion process
in massive stars, M 2 (5 + 8)M(), which produces a shock wave propagating in the
interstellar medium and an expanding ejected material.

These stars have an onion-like structure with a degenerate Fe core; after its com-
pletely fusion in iron, processes releasing energy are not possible. Instead, photo-
disintegration detroys the heavy nuclei and removes the thermal energy necessary
to provide pressure support (y +° Fe —4 He + 4n). When the star collapses the
density increases and the free electrons are forced together with protons to form
neutrons via inverse beta decay (e~ +p — n + v,) and a proton-neutron star forms.
If the core density reaches nuclear densities the infalling material is "reflected" and a
shock wave propagates outwards heated by neutrino emission from the beta-decay.
The released gravitational binding energy is:

_ 2 _ 2
AL — [_ GM ] _[_ GM 10km) ( Mns
star

~ 5x10%3 erg ( ) , (1.23)
R ]NS R 1.4Mg

and it is emitted mainly via neutrinos (99%) because of beta-decays. Only 1%
is transferred into kinetic energy of the exploding star and only 0.01% goes into
photons. At the end of this process a neutron star is left over and a black hole
remains [79].
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There are some recent observations (SNR W44 [44] and 1C433 [117], for example)
which suggest that bulk of galactic cosmic rays is originated from SNRs. Nonetheless,
in the standard model of cosmic ray acceleration by supernova blast waves particles
would not be able to achieve to the highest observed energies (see previous explanation

in Section |1.4.2).

1.6.2 Pulsars

A pulsar is a rapidly rotating neutron star, expected being at the center of a SNR,
that emits a beam of electromagnetic radiation observable only when the beam of
emission is pointing toward Earth. Neutron stars are very dense, and have short,
regular rotational periods. This produces a very precise interval between pulses
that range from milliseconds to seconds for an individual pulsar, according to the
evolutionary stage of the pulsar itself.

It is expected that pulsars and their Pulsar Wind Nebulae (PWNe) could be viable
sources of CRs [70]. Pulsars have indeed extremely strong magnetic fields that, if
fast rotating, may accelerate particles to high energies. The energy is in fact lost as
electromagnetic dipole radiation by producing an electromagnetic wave that causes
a relativistic wind of ete™. This latter propagates in the surrounding medium and
generates a shock wave responsible for the CRs acceleration.

The maximum acceleration energy achievable by a pulsar is:

ZB 0 2
_ 20
Foax = 8 x 10 eV1013G(3000s—1> , (1.24)

where (Q is the angular velocity related to the pulsar period P = %’r ~ 106 s. Thus,
a young, fast rotating pulsar appears to be a very good particle accelerator. Finally,
pulsars as main sources of UHECRs would predict a strong anisotropy of their
intensity, because neutron stars are concentrated in the Galactic plane [79], which
however is not observed. Moreover, the fact that pulsar are mainly producing leptons
collides with compositional studies of CRs. Hence, pulsars are not believe to be
strong contributors to the observed CR flux.

A famous example of a pulsar surrounded by its own nebula is the Crab Neb-
ula (Figure , the remnant of a SN observed by Chinese astronomers in 1054
which has been emitting ~-radiation of energy ~ TeV for around 1000 years.

1.6.3 Active Galactic Nuclei

Active Galactic Nuclei (AGN) are galaxies with an unusual emission that is not
associated with stars and produces a non-thermal component in the Spectral Energy
Distribution (SED)E in contrast to normal galaxies whose total luminosity is the
sum of the thermal emission from each star. This difference from usual galaxies is
due to the presence of a super massive black hole (SMBH) in their center, which is
actively accreting matter from the surrounding environment. This allows them to

SEnergy emitted by an object as a function of the emitted frequency.
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Figure 1.10. Crab Nebula by five observatories: VLA/NRAO/AUI/NSF, Chandra/CXC,
Spitzer /JPL-Caltech, XMM-Newton/ESA, and Hubble/STScl. Credit: NASA https:
//photojournal. jpl.nasa.gov/figures/PIA21474_figl. jpg

reach extremely high luminosity values (=~ 10*® erg/s). Consider the accretion onto
a black hole; the maximal energy gain is

GmM Rs=2GM/c? mc?
R — max — o
S

2
where Rg is the Schwarzschild radiusﬂ G is the gravitational constant, M is the
mass of the central BH, m is the accreting mass and c is the speed of light. A
large part of this energy is lost in the black hole, while the remainder heats up via
friction an accretion disc (optically thick disk of material) around the black hole.
The luminosity from accretion is

Emax ~

(1.25)

ec’dm
L= . 1.26
2dt ( )

By replacing standard values for the black hole activity (dm/dt =1 Mg /yr) and
the accretion efficiency (e = 5% — 42%, depending on the spin of the black hole [75]),
high luminosities are obtained. There exist different types of AGN, illustrated in

SRadius of the event horizon surrounding a non-rotating black hole. Any object with a physical
radius smaller than its Schwarzschild radius will be a black hole. This quantity was first derived by
Karl Schwarzschild in 1916.


https://photojournal.jpl.nasa.gov/figures/PIA21474_fig1.jpg
https://photojournal.jpl.nasa.gov/figures/PIA21474_fig1.jpg
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Figure 1.11. Figure (a): The unified scheme of AGN. [79]. Figure (b): AGN classification
scheme. [56].

Figure unified by the same phenomenon-accretion. The different characteristics,
for example the fast variability of their spectra, is a consequence of different angles of
view, different stages of activity and evolution in time. The most interesting active
galaxies for us are Blazars, AGN with a relativistic jet pointed in the direction
of the Earth, which makes them the most promising sources of ultrahigh energy
cosmic rays. If the jet points directly towards the observer, the relativistic beaming
effects make the source appear very luminous in the radio band and often extremely
variable [56].

AGN have also considered very promising sources of high-energy neutrinos un-
til now and this has been recently confirmed by IceCube, which found a coincidence
in direction and time between an high-energy neutrino event detected on 22 Septem-
ber 2017 and a gamma-ray flare from the blazar TXS 05064056 [8]. This suggests
that blazars are possible contributors to of the high-energy astrophysical neutrino
flux. This discovery is very important because the detection or not of neutrino
radiation from AGN or other astrophysical objects (e.g. GRBs) can provide unique
information about the processes characterising of their central engine and the pres-
ence of relativistic protons of sufficiently high energy in the relativistic jet (see
Chapter [2| for the explanation of this topic, done in the the context of gamma-ray
bursts but also valid for AGN).

1.6.4 Gamma-Ray Bursts

Gamma-Ray Bursts are the most luminous objects in the Universe and represent
highly beamed sources of gamma-rays and perhaps also of high energy neutrinos
and cosmic rays: in the internal shock scenario, blobs of plasma emitted from a
central engine collide within a relativistic jet and form shocks, producing particle
acceleration and neutrino emission. A distinctive feature is the high Lorentz factor
of shocks in GRBs, which however poses severe challenges to the efficiency of shock
acceleration in these extreme environments.

For a detailed description of these objects, refer to Chapther
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Chapter 2

Gamma-Ray Burst

Gamma-Ray Bursts (GRBs) are brief pulses of gamma-ray radiation as a consequence
of the most powerful known explosions in the Universe. They were casually discovered
by the U. S. Vela satellite built to detect the gamma radiation pulses emitted by
nuclear weapons tested in the space.

The first unexpected signal was detected in 1967 and subsequently Klebesadel et al.
(1973) [80] showed that Vela spacecraft observed sixteen short burst of photons in
the energy range 0.2 — 1.5 MeV between 1969 July and 1972 July. Bursts duration
ranged from less than 0.1 s to ~ 30 s and time-integrated flux (also called fluence)
from ~ 107> erg cm™2 to ~ 2 x 10™* erg cm™2. Several count rate records were
composed by a number of clearly resolved peaks, showing significant time structure
within bursts, while other did not appear to display any significant structure.
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Figure 2.1. Count rate as a function of time for the GRB of 1970 August 22 as recorded
by three Vela spacecrafts. Arrows indicate some of the common structures. Background
count rates preceding the burst are also shown [80].

1Satellites launched by the United States starting from 1963 to monitor compliance with the
treaty "banning nuclear weapon tests in the atmosphere, in outer space and under water" signed by
the governments of the Soviet Union, the United Kingdom and the United States in 1963.
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These bursts were not related in time or direction to any nova or supernova and it
was demonstrated also that the energy observed was consistent with an extreme
explosion as a source. It was also checked that these bursts were not coming from
the Sun, Moon, or other planets in our solar system. Interestingly, the first evidence
for the source at the origin of GRB is constituted by the simultaneous detection of
gravitational waves in space and time correlation with the high-energy gamma-ray
emission of a short GRB, namely GRB170817A [I1]. For this class of GRB, namely
where the duration of the emission is faster than 2 s, binary systems of colliding
neutron stars are believed to be the progenitors of the emission. On the other
hand, for long GRB (gamma-ray duration longer than 2 s), core-collapse SNe are
considered the most plausible progenitor candidates.

2.1 Majors experiments and their results

BATSE: 1991-2000

In 1991 GRB study really began, when the Compton Gamma-Ray Observatory
(CGRO) was launched from space shuttle Atlantis in a low Earth orbit, at 450 km,
to observe the high-energy Universe. It carried four different instruments, that
provided a wide energy band coverage of 20 keV - 30 GeV: the Burst And Transient
Source Experiment (BATSE), the Oriented Scintillation Spectrometer Experiment
(OSSE), the Imaging Compton Telescope (COMPTEL) and the Energetic Gamma-
Ray Experiment Telescope (EGRET).

BATSE, in particular, was an important starting point for the study of GRBs; one of
its primary objectives was the study of those phenomena at that time still mysterious,
which are the gamma-ray bursts [55]. It was sensible in an energy range going from
20 keV to 10 MeV. Eight uncollimated detector modules were positioned around the
spacecraft to provide an unobstructed view of the sky (see Figure . The plastic
scintillator, a large-area detector, provided a high sensitivity for weak bursts and
fine time structure studies for the stronger ones. A spectroscopy scintillation device
was included in each detector module: it was optimized to obtain better energy
resolution and to cover a wider energy range than the large-area detector.
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Figure 2.2. The Compton Gamma Ray Observatory and one of the eight BATSE detector
modules. Credit: National Space Science and Technology Centre, Huntsville, AL, USA.
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BATSE was able to see the whole sky and detected about 1 GRB per day, identifying
the extragalactic origin of GRBs as probed by the isotropic angular distribution of
these events (see Figure [99]. Thanks to an analysis of 153 gamma-ray bursts, a
deficit on low luminosity (and thus in energy, too) GRBs was seen, indicating that
they are either located in galaxy halos, or are from cosmological origin, in which
case the deficit at low energy would be due to the expansion of the Universe.

2704 BATSE Gamma-Ray Bursts

+90

107 10° 10° 10°
Fluence, 50-300 keV (ergs cm?)

Figure 2.3. Locations of the Gamma ray bursts detected by BATSE projected in galactic
coordinates (the Milky Way stretches horizontally across the centre of the figure). The
colours indicate the energy and duration of each burst: long duration bright bursts
appear in red while short duration weak bursts in purple. The grey points indicate
bursts for which the energy and/or duration could not be calculated. Figure from
https://gammaray.nsstc.nasa.gov/batse/grb/skymap/.

Furthermore, BATSE clearly saw two distinct populations of burst, short and long
(for more details see Section [2.2.2)) but, except for their duration, it did not find
other significant differences, due to the lack of additional data.

Beppo-SAX: 1996-2002

Beppo-SAX was an Italian satellite launched on April 30, 1996. It had on board
various X-ray detectors (to measure a radiation lower in energy than gamma) in
addition to a GRB monitor. Therefore, it was the first X-ray mission with a scientific
payload covering an energy range from 0.1 to 300 keV and with the ability to provide
an angular position of bursts to within 4 arc-minutes (improved more than a factor
20 if compared to the CGRO) [87]. This allowed to observe for the first time the
afterglow, a rapidly fading X-ray emission associated with the GRB jet expansion
in the ISM. On February 28, 1997, Beppo-SAX saw a burst and, about a day after,
an X-ray afterglow [48]. Ground-based spectrometers were able to measure also the
optical spectrum of the afterglow.

The extragalactic origin of GRBs (cosmological distances, i.e. z ~ 1) was unequivo-
cally established three months later, when GRB 979508 was localized and its redshift
was estimated (z ~ 0.84) [96].


https://gammaray.nsstc.nasa.gov/batse/grb/skymap/
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Thanks to Beppo-SAX, could also be estimated the energy involved in these phe-
nomena. From the measured values of the burst redshift and of the flux, it was
obtained that GRBs radiate 108 — 10° erg (if isotropic). This means that GRBs
are the most energetic and explosive sources in the known Universe [86].

This opened a new era in the study of these objects with important questions:

e Can these distant objects exist with such a great flow?

e« What does cause them?

Swift: 2004-now

Swift Gamma Ray Burst Explorer, or simply Swift, was launched into a low-Earth
orbit on November 20, 2004 and is still operating. It is composed by three instruments
working together to provide rapid identification of GRBs and to observe afterglows
in the gamma-ray, X-ray, ultraviolet and optical wavebands [61]:

o Burst Alert Telescope (BAT): 15-150 keV
With its large field of view (2 sr) and high sensitivity, it detects about 100 GRBs
per year and computes burst positions onboard the satellite with arc-minute
positional accuracy.

o X-ray Telescope (XRT): 0.3-10 keV
It takes images and is able to obtain spectra of GRB afterglows during pointed
follow-up observations.

o UV/Optical Telescope (UVOT): 170-600 nm
It takes images and can obtain spectra of GRB afterglows during pointed
follow-up observations. It provides a position localization of about 0.5 arcsec
and allows to track the temporal evolution of the UV /optical emission.

The important discovery made by Swift is represented by the first localization of a
short GRB with its afterglow, in that such an observation had never been performed
before (GRB 050509B). Gehrels et al. (2005) [62] found that its position on the sky
was near a luminous, non-star forming elliptical galaxy at redshift z = 0.225, exactly
the type of location one would expect if the origin of this GRB is the merger of
neutron star or black hole binaries. This, combined with correlations of long GRBs
with supernovae, allowed to partially address the origin of these objects, after more
than 30 years since their discovery.

Swift satellite has also found GRBs at very high redshift, until z = 9.4, when
the Universe was just 0.52 billion years old [49]. Therefore, GRBs represent impor-
tant probes of the end of cosmic dark age, when the first stars and galaxies were
forming.

Fermi: 2008-now

The Ferms satellite, launched in June 2008 and still in operation, has been providing
useful data measuring radiation in an energy window extending from ~ 8 keV to
> 300 GeV to help answer some open issues about GRBs: what phenomenon does
produce so much energy? What happens to the surrounding environment near these
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Figure 2.4. Band spectrum. In red and grey gamma-ray burst spectral coverage of the
GBM and the LAT, respectively, are indicated.

phenomena? How will the study of these energetic objects improve the understanding
of the nature of the Universe and how it behaves?
This satellite is constituted by two instruments:

o Gamma-Ray Burst Monitor (GBM): 8 keV-40 MeV
It is dedicated to the study of GRBs by extending the LAT energy range over
the full unocculted (by the Earth) sky. It uses an array of twelve sodium iodide
scintillators and two bismuth germanate scintillators to detect gamma rays.
GBM generates on-board triggers for ~ 250 GRBs per years with a large field
of view (~ 8°) [95].

o Large Area Telescope (LAT): 20 MeV-300 GeV
It is able to detect the direction and energy of gamma rays with unheard-of
resolution and sensitivity by using 880000 silicon microstrip detectors. It has
a reduced field of view with respect to GBM, around 2 sr, allowing a better
resolution in the reconstruction of direction (~1 arcmin) [25].

The GBM-LAT combination thus provides burst spectra over seven decades in energy
and has made several important discoveries regarding GRBs, in particular about
their prompt spectra. In most cases they consist of one peak and power law functions
with different indices at low and high energies with a smooth transition from one
to the other (the so-called Band spectrum); in a few cases there is an additional
non-thermal component that can be fit as a power law extending to high energies
[128]. For more details see Section [2.2.1]

2.2 Observational properties of GRB prompt radiation

The prompt emission lasts typically a few seconds (or less), without repetition
and with variable light curve. Furthermore, the spectra vary from burst to burst
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and do not show any clear feature that could easily be associated with any simple
emission model. Observationally, the prompt emission phase of a GRB is defined as
a temporal phase during which sub-MeV emission is observed by GRBs detectors
above the background level.

In this Section the basic features of GRB prompt emission will be treated.

2.2.1 Spectral properties

GRBs are characterized by emission in the few hundred keV range with a non-thermal
spectrum, which can be fit with a smoothly-joined broken power law known as Band
function, introduced by Band et al. [29]:

A (ﬁ) exp(—E%), E < (a—p)Ey

N(E) = a— a—f 8
A {(100@570] exp(8 — @) (ﬁ) , E=(a-B)Eo

(21

in which A is a normalization constant, N(FE) is the number of photons detected, «
and 8 (both negative) are the photon spectral indices below and above the break
energy FEy, respectively. The lower energy spectral index has generally a value
a ~ —1, the high-energy one instead g ~ —2. In the following, the flux particle F,
is referred to EN(E) while the SED to E>N(FE) or vF,. For most observed values
of a and f the SED peaks at E, = (« + 2)Ep, called E-peak, which represents the
typical energy of the observed radiation. The E),, distribution is wide and extends
from several keV to the MeV range. An example of Band-function spectrum is shown
in Figure [2.5

103,"| LR R | T G AL ) SR LG L] v T
AR e, GRB 990123
- _.“*m-‘
% 1| Wiy
= 10 F o, E
= -
2 1%k :
b
£
S 10"k o
P N BATSE SDO
S 102k = BATSE SD1 ]
3 ~ BATSE LADO ; 3
5o o BATSE SD4 3
=~ 10°F x OSSE e g
% o COMPTEL Telescope _:‘:#:
= % + COMPTEL Burst Mode
bt (10 ¢ - EGRET TASC \

- f

Yo
g 10°E i
£ s
o _‘{.—
o =~
) 7t
= 107 -
= Eo—e

10—8 :. N " sl N PP | PP | el

0.01 0.1 1 10 100

Photon Energy (MeV)

Figure 2.5. The Band function spectrum of GRB 990123. E, = 720 £ 10 keV, o =
—0.6 £0.07, 8 = —3.11 + 0.07. Figure from [41].
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Some spectra can be fitted with a simpler function, a cutoff power law spectrum in

the form:
E @ E
N(E) =4 <100kv) exp (_E) ) (22)

that is essentially the first portion of the Band function [2.1. In this expression E,.
characterize the cut-off in the energy spectrum. This function has been used to fit the
prompt spectrum of many GRBs (e.g. Fermi-GBM spectra [101]), mainly because
of the narrow bandpass of the detectors, so that 5 could not be well constrained.
When the spectrum is observed simultaneously by several instruments it is possible
to obtain the global spectrum, and possibly it still comply with a Band function.
However, GRB spectra measurements have evolved considerably from Band function
in the years. Extra-components have been introduced: e.g. high-energy power law
of exponentially attenuated power law [65] and photospheric component [110].

2.2.2 Temporal properties

The duration of a GRB is estimated through the so-called Tyg, the time interval
between the moment in which the 5% and the 95% of the fluencd? are released. It
typically ranges from millisecond to thousands of seconds and allows to define two
different GRB types [84]; in fact, the Tyg distribution of GRBs detected by BATSE
on board CGRO, shown in Figure [2.6, includes two components with a separation
visible around 2 s:

e Short-GRBs: burst duration peaked at 0.3 s, probably result of mergers of
compact objects in binary systems (e.g two neutron stars or a neutron star
and a black hole) [92].

e Long-GRBs: burst duration from ~ 2 s to many minutes, peaked at 30 s.
These are associated with massive stars collapsing and generating supernova
explosions [92].

The GRB separation into two classes is related to the "hardness ratio", that is the
ratio between the photon numbers in the detector’s low-energy and high-energy
bands. Long GRBs in most of the cases have a "softer" spectrum than short ones,
because in the first case the hardness ratio is larger than in the second one. However,
Tyo has some limitations, because it is a quantity defined by observations:

o It is energy-band-dependent and sensitivity-dependent; a detector with a lower
energy bandpass typically gets a longer Tyy for the same GRB and a more
sensitive detector would detect a longer duration of a same burst along the
background level.

e It can overestimate the duration of GRB central engine activity; it is the case
of GRBs with clearly separated emission episodes with long quiescent gaps in
between.

2The total (time-integrated) radiant energy per unit area within the detector energy range.
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Figure 2.6. Ty, distribution of the 4B Catalog Gamma-Ray Bursts recorded with BATSE.
The result is a bimodal distribution, which reflects the existence of two GRBs population:
long and short GRBs span Tyo durations greater and less than ~ 2 s, respectively. Figure
from https://gammaray.nsstc.nasa.gov/batse/grb/duration/.

Time scales - Observations

To date, there is a great variety of GRB light curves. Most of them are variable,
while other are smooth with relatively simple temporal structures. One sample of
GRB light curves is shown in Figure By analyzing a light curve one can define
two quantities:

e The variability time scale §t, which is determined by the width of the peaks
in a light curve. It can be of the order of milliseconds for extremely variable
GRBs.

e The pulse separation At. When this quantity is large, the distance between
the two neighboring peaks is classified as a quiescent period, a relatively long
period of several dozen of seconds with no activity.

Both their distributions follow log-normal ones (see e.g. [100]). By studying 6t and
At distributions one can obtain important information about the central engine
activity; this topic will be better discussed in Chapter

The considerations made up to now are valid for long GRBs; the variability of
short ones is more difficult to analyze. Indeed, the duration of these bursts is closer
to the limiting temporal resolution of the detectors.

Time scales - Theory

General kinematic considerations impose constraints on the temporal structure
produced when the energy of a relativistic shell is converted to radiation [105].


https://gammaray.nsstc.nasa.gov/batse/grb/duration/
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Figure 2.7. Examples of GRB light curves detected by BATSE. Figure from [103].

Consider a spherical relativistic emitting shell with a radius R., a width A and a
Lorentz factor v = I, referring to the Figure[2.8] Photons emitted in point A move
directly towards the observer and arrive first after a time t,,q4; if they are emitted
moving at an angle I'"1 (point D) they will arrive after tang = Re/2cI'? El This time
might possibly coincide with the arrival time of photons emitted in point C, directly
towards the observer but at a radius 2R.. So, in this case, tang = traq. This suggests
that variable GRBs cannot be produced from a single explosion. Other time scales
are determined by the flow of relativistic particles. First of all, the intrinsic duration
Ta = A/e, which is the time in which the source that produces the relativistic flow
is active; photons emitted at the front of a such shell will reach the observer at time
Ta before those emitted from the rear (point B). Secondly there is the intrinsic
variability 6t , which is the time scale on which the inner source varies and produces
a subsequent variability with a lenght scale 6 = ¢dt in the flow. Naturally 0t sets a
lower limit to the variability time scale observed in any burst.

These timescales divide light curves into two classes:

o Th < tang = traq: the resulting burst is smooth with a width f.ng = t;aq. This
is the case of external shocks, i.e. when shells interact with the interstellar
medium [IT1], then external shocks can produce only smooth bursts.

o ThA > tang: a variable light curve is producted. This can be easily satisfied in
the internal shock model (see Section [2.3.1).

3This delay is relevant only if the angular width of the emitting region in larger than "1,
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Figure 2.8. Different time scales from a relativistic expanding shell in terms of the arrival
times of various photons: the angular time scale t,ns = tp — t4, the radial time scale
trad = tc — ta and the intrinsic duration of the flow Ta = tp — t4. Figure from [105].

2.3 GRB fireball model

The so-called fireball model is the basic model proposed to explain the first ob-
servations of GRBs [66] [102]. It consists into a matter-dominated fireball, made
of baryons (primarily protons and neutrons), electron-positron (e*te™) pairs, and
photons, created after the collapse of massive stars (long GRBs) or after the merging
of binary objects (short GRBs).
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Figure 2.9. Cartoon for the GRB fireball model. Figure from [63].

As shown in Figure[2.9] a high amount of energy is released by the central engine and
a relativistic outflow is formed by parts of this energy. This outflow is accelerated
and part of its kinetic energy is dissipated through the prompt emission mechanism
(generated by internal shocks between slow and fast parts of the ejecta), leading to
the observed ~y-ray emission.

The sudden release of a large amount of y-ray photons leads via eTe™ pair creation
to an opaque radiation plasma. The energy in radiation is initially larger than in
baryons by a factor of about 102, and as the fireball expands adiabatically, baryons
get accelerated to a high Lorentz factor, then to relativistic velocities [I12]. The
kinetic energy of the outflow is converted back to thermal energy and radiated
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away as y-rays photons at some large distances from the place where the fireball is
produced (e.g. [107]). When the baryon kinetic energy becomes comparable to the
total fireball energy, the acceleration stops. The matter-dominated fireball continue
to expand and becomes more and more transparent to radiation, so the jet now
is optically thin. In this phase, parts of the kinetic energy are dissipated by the
prompt emission and the subsequent radiation is detected as the non-thermal prompt
emission. When the created jet reaches the circumburst medium external shocks
create the afterglow and the jet is finally decelerated. The remaining kinetic energy
powers the observed multiwavelenght afterglow.

However, the exact energy dissipation and emission mechanism is still under debate
and is closely connected to the nature of the ejecta itself.

The compactness problem and relativistic motion

Now it is known that the GRB central engine emits ultra-relativistic jets but at the
beginning of GRB studies it was not trivial to understand it. The relativistic motion
in these objects, in fact, was rising the so-called compactness problem.

The optical depth of the process v+~ — ete™ is given by 7,y x L/R, where
L is the luminosity and R the size of the emitting region. A simple estimate of
the size of the source (R = cdt, as implied by the observed variability, where ¢
is of the order of milliseconds) shows that the source must be extremely optically
thick to eTe™ pair creation. Such a source cannot provide the observed non-thermal
gamma-ray emission. The solution of this paradox is hidden in the relativistic motion
for two reasons:

1. The size of the emitting region becomes now R = cI'?6t, where I is the average
Lorentz factor of the jet.

2. The rest frame energy of the photons is smaller by a factor of I'; therefore,
only a smaller fraction of them can create pairs.

If I' > 100, the pair creation optical depth would be reduced below 1 and high-energy
photons would be able to escape the fireball.

The potential of relativistic motion to resolve the compactness problem was re-
alized, among other scientists, in the eighties by Goodman [67] and Paczynski
[102].

2.3.1 GRB prompt emission models
Internal Shock Toy Model

A widely used model to describe the activity of the inner engine is the so-called
internal shocks model (IS). In this scenario, the source produces multiple shells
with different Lorentz factors over a time Th = A/c¢, where A is now the overall
width of the flow in the observer frame (see Figure [2.10). Faster shells will catch up
with slower ones and will collide, converting some of their kinetic energy to internal
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Figure 2.10. The internal shock model. Figure from [105].

energy [103]. The source is variable on a scale L/c, where L is the distance between
two adjacent shells, then the observed variability time scale in the light curve, dt,
reflects the variability of the source. The characteristic radius where the shell starts
to collide is Reon ~ LI'? and continue as long as the source is active, within the
duration time Tz, reflecting the overall duration of the activity of the inner engine.

In the following, the shell collision process is considered. For semplicity, we assume
two shells of masses m1 and mo ejected from the central engine with Lorentz factors
I'y and T'g, respectively. The slower shell is launched from the source dt time before
a faster shell. When the latter reaches the first one, they collide forming one single
shell distant from the center Reon &~ 2cI'26t, when 'y 2> 2I';. Therefore, the radiation
produced in this collision arrives at the observer at time:

Rcoll F1
tobs ~ t — ~ 1 ot— 2.3
obs o+ 261—‘? o+ F2a ( )

where ¢ is the time when the faster shell was ejected from the central engine, I'y is
the final Lorentz factor of merged shells, given by:

mil'y + mal'y

r,— ,
f (m? + m3 + 2mymsl,)1/2

(2.4)

where I', is the relative Lorentz factor of the two shells before collision. From
Equation it is clear that the variability time of GRB light curves roughly tracks
the engine variability time (assuming that I's/T"; does not change during the engine
activity). Therefore, the internal shocks model can explain the observed short time
scale variability by linking it to the central engine time scale.

In the internal shock scenario it is expected that particle acceleration happens
at the shock created in the collisions between shells. The radiation emitted by
accelerated particles forms the prompt non-thermal spectrum, which is generally
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explained by the synchrotron emissiorﬁ or by Inverse Compton (IC)E

The internal shock model, however, does not dissipate efficiently the shock kinetic
energy, because of the intrinsic relativistic nature of the shock itself. In fact, defining
the efficiency as the total GRB energy divided by the radiated energy (also including
the afterglow) one would expect an high efficiency (> 50%) [78]. Only a fraction of
the thermal energy produced in collisions is likely deposited in electrons, the rest
is taken up by protons and magnetic fields [87] and the synchrotron and the IC
power losses for a proton are smaller than for an electron. A high efficiency in ~-rays
production requires a large dispersion in the Lorentz factor of the outflows [31], that
in turn makes difficult to accomodate some observed spectral relations [78].

Photospheric model

The photospheric model (PH) is often address to explain thermal photons observed
in GRB spectra. While in the internal shock model all radiation emission is produced
in the optically thin regime, the photospheric scenario assumes the emission to be
released at the photosphere itself. However, the spectrum that it produces tends to
be thermal without non-thermal tails observed in GRBs [78]. It is reasonable to think
that in GRBs both models coexist, also because, assuming that the photospheric
model is the only valid, one would not be able to observe y-rays; the radiation, in
fact, would be released in a region where the flow is optically thick, hence photons
would not escape the fireball.
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Figure 2.11. Photospheric-internal-external shock model. The photospheric emission
produces the Band spectrum, the internal shock contributes to the variable power law
spectrum, and the external shock makes the long-lived power law spectrum. Figure from

I7s).

This scenario can explain sub-dominant thermal features measured for some burst
detected by Fermi satellite [118].

4Non-thermal radiation generated by charged particles (usually electrons) spiralling around
magnetic field lines at close to the speed of light. Since the electrons are always changing direction,
they are in effect accelerating and emitting photons with frequencies determined by the speed of
the electron at that instant.

5 Scattering of low energy photons to high energies by ultrarelativistic electrons so that the
photons gain and the electrons lose energy.
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In Figure the photospheric-internal-external shock model and corresponding
energies affected in the radiation spectrum are shown. See the recent review [32] for
new developments of this model.

2.4 High energy neutrinos from GRBs

Both the internal shock and the photospheric models assume that shocks take place
when faster shells of plasma emitted by the central engine collide with the slower ones,
producing gamma rays. This mechanism dissipates a large fraction of the kinetic
energy of the flow, provided that the central engine is highly variable. The dissipated
energy is partly transferred to accelerated particles, namely electrons and protons,
which then assume ultra-relativistic speed. At this point accelerated electrons radiate
a fraction of their energy through synchrotron and inverse Compton processes,
creating a radiation field that possibly allows the py resonant A% production, and
the subsequent decay chain:

™=+
A+ [ p4+ 70 n—pte +1,

pt —et tve+u,

Protons of energy F, ~ 10" eV interact with keV-MeV photons forming At res-
onance (ma+ = 1232 MeV/c?) which decays into pions, forming neutrinos with
E, ~ 10 eV. Therefore, assuming that the proton load (the fraction of protons
in the flux of accelerated particles) is not negligible, GRBs are believed to be im-
portant high-energy neutrino producers. About 20% of the proton energy goes to
7t (Ep+ ~ 0.2E,), whose energy is evenly distributed to 4 leptons (E, ~ 0.25E,+);
so overall E, ~ 0.05E, [87]. Due to the high compactness of the ejecta, the py
interaction can have high optical depth, so that 7™ are copiously generated. These
latter decay in u™, which subsequently decay generating neutrinos (v, and v.) and
anti-neutrinos ().

The mechanism indicated in [2.5 can take place in both the PH and IS models,
but the difference lies in the distance from the central engine in which the main
collision occurs, as it affects the energies involved in the collision. The standard
model invokes internal shocks as the site of both y-ray photon emission and proton
acceleration; alternatively, in the photospheric model photons can be generated at
the photosphere and protons can be accelerated in the same site [87]. Therefore, in
this latter case the emitted neutrino energy will be lower than that in the internal
shock model; the emission of neutrinos, in fact, takes place before the particles
undergo further acceleration from the collision between different shock fronts. In
fact, the neutrino production efficiency is different in the two cases. The optical
depth 7, of py interaction is [121] [126]:

R \'/ T \?/ E, \! Liso
—0. __fso 2.
Ty =08 (1014 Cm) (102-5> <1 MeV) <1052 erg sl) (26

where R is the distance between the central engine and the neutrino production site
(fireball radius), Lis, is the isotropic y-ray luminosity of the burst and E, is the
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energy at which the y-ray spectrum has a break (~ 100 keV). In the IS scenario R
depends on the variability time ty,;, the Lorentz factor I" and the redshift z, and it

is given by [27]:
t r \2/1+215
R ~1013( var )( ) ( ) 2.7
18 0.01s) \1025 1+2 )™ (2.7)

while in the PH scenario is [127]:

Ros ~ 101 (L) Liso (2.8)
PH 1025 1052 erg s—1 o ’

For characteristic values of GRB parameters Rpy < Rig, then 7, in the PH model
is enhanced by a factor Ryg/Rpy compared to the IS model. This result suggests
that the neutrino production is more efficient in a dissipative photosphere than in
standard ISs [20].

In hadronic GRB models, neutrinos are produced from the interaction between
the accelerated protons and the jet radiation field. Accelerated protons are expected
to be distributed according to a differential energy spectrum in the form indicated by
Equation |1.8/ with (1+s) = 2. Convolving such a spectrum with the spectrum of the
target radiation field, one generally expects for the neutrino energy distribution a
power law spectrum with an energy break regulated by the break in the synchrotron
spectrum of target photons. The first calculation of the prompt neutrino flux was
realized by Waxman & Bahcall (1997) [121], which used average GRB parameters
and the GRB rate measured by BATSE to determine an all-sky diffuse neutrino flux
contributed by the GRB population. In this work another general formalism that
can be applied to any of the above mentioned models for GRB emission is presented.
It was calculated by Abbasi et al. (2010) [10], following Guetta et al. (2014) [69],
which is in turn based on Waxman & Bahcall (1997) [I12I]. For an observed "Band"
function photon flux spectrum

€ e E —x
F.(Ey) = dN(Ey) = f (3ev) (MTWV) By <y 29)
TR TN ) () e -
MeV MeV 9 7_67

where €, is the break energy, a and [ are the spectra index before and after the break
energy, respectively, and f, is the normalization, the observed neutrino number
spectrum can be expressed as:
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(2.10)
where a, = p+1—-06, 8, =p+1—a, and v, = 8, 4+ 2; p =1 + s is the photon
spectral index defined by N(Ey)dE, x E,PdE},. The indices o, and 3, are derived
by assuming that the neutrino flux is proportional to the py optical depth 7,,. This is
valid when the fraction of proton energy that goes to pion production is proportional
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to 7py, which is roughly valid when 7,, < 3 [87]. Two breaks, €,,1 and €, 2, modify
the simple power law behavior of neutrino energy distribution: €, ; reflects the break
in the photon spectrum due to energy losses of accelerated electrons, €, is due to
the synchrotron losses from secondary mesons. For more details about equations
and parameters used in the calculation of the neutrino spectra see [10].
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Figure 2.12. Calculated neutrino spectra in [10] for 41 GRBs (thin solid lines) compared
to the standard Waxman-Bahcall spectrum [121] (thick dotted line). The sum of all
individual spectra (thick solid line) and the sum of Waxman-Bahcall spectra (thick
dashed line) are also shown.

Why is the neutrino detection important?

Searching a temporal and spatial coincidence among the GRB prompt emission and
high-energy neutrinos, by using neutrino telescopes like ANTARES and IceCube (see
Chapter [3), is very relevant because it provides information about the acceleration
mechanisms in GRBs. The detection of a single neutrino event would allow to
identify these sources as extreme hadronic accelerators, and hence as candidates for

UHECRSs [39] (see Chapter [L).

Neutrinos are ideal candidates in the search for distant astrophysical objects because
they are electrically neutral, stable and weakly interacting particles. Thus, unlike
protons or gamma rays, neutrinos are not diverted in their path from their source
to the Earth. Among all the possible astrophysical sources, GRBs, being transients
and extremely energetic explosions in a short time, offer one of the most promising
perspectives for the detection of cosmic neutrinos thanks to the almost background
free search. Over the years, the IceCube and ANTARES Collaborations have been
searching for neutrino signals coincident with GRBs in time and direction, which
however have not observed until now. Progressively deeper non-detection upper
limits have been placed and current limits do not yet provide significant constraints
on the validity of the internal shock model. However, the model would be severely
challenged if the upper limit reduces in the next few years: the jet barionic content
would then be severely constrained. Alternative scenarios, like magnetic dissipation
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models, that invoke a large emission radius (e.g. the ICMART model [125]) and
predict a much lower neutrino flux, and the leptonic model (e.g. [24]), for which
non-thermal lepton synchrotron radiation occurs, could be favorites.
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Chapter 3

Neutrino Telescopes

The idea of a neutrino telescope, based on the detection of secondary particles
produced in neutrino interactions, was first formulated in the 1960s by Markov [9§],
who proposed to install detectors deep in a lake or in the sea and to determine
the direction of the charged particles with the help of the Cherenkov radiation. The
advantages of neutrinos as cosmic messengers, already explained in the previous
Chapter in Section [2.4, have led to the development of several neutrino telescopes
with different size and capabilities. The currently operational detectors will be
discussed in this chapter.

3.1 Neutrino detection principle

The basic idea for a neutrino telescope is to build a matrix of light detectors inside
a transparent medium. This medium, such as deep ice or water, should have the
following characteristics:

o offers large volume of free ad natural target for neutrino interactions;

o provides shielding against secondary atmospheric particles produced by cosmic
rays;

« allows transmission of Cherenkov photons induced by the path of relativistic
particles produced by the neutrino interaction.

Neutrinos are not observed directly, but when they happen to interact with the ice
or water they produce electrically charged secondary particles that in turn emit
Cherenkov light (see Section , as a result of traveling through the ice faster
than light travels in the medium. A detector must measure with high precision the
number and arrival time of these photons on a three-dimensional array of Photo
Multiplier Tubes (PMTs), from which some of the properties of the neutrino (flavor,
direction, energy) can eventually be inferred.

In the framework of the Standard Model, high energy neutrinos interact with a
nucleon N of the nucleus, via either charged current (CC) weak interactions

v+ N—=I1+X, (3.1)
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or neutral current (NC) weak interactions
v+ N —=y+ X, (3.2)

where [ indicates the leptonic flavor (I = e,u,7) and X the hadronic cascade originated
in the interaction. A schematic view of different kind of neutrino interactions is
shown in Figure [3.1. In the proposed Cherenkov neutrino telescope no magnetic
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Figure 3.1. Some event signature topologies for different neutrino flavors and interactions:
a) CC interaction of a v, produces a muon and a hadronic shower; b) CC interaction of
a v, produces a 7 that decays into pions and v, tracing the double bang signature; c)
CC interaction of v, produces both an electromagnetic (EM) and a hadronic shower;
d) a NC interaction produces an undetectable diffuse neutrino and a hadronic shower.
Figure from [47].

field can be used to reconstruct the sign of the primary leptons, so no separation
between particles and anti-particles can be made. The only channel which might
possibly provide indications on the interacting weak neutrino flavor consists into the
Glashow resonance, where a 1, can resonantly produce the W~ boso at £, = 6.3
PeV.

At energies of interest for neutrino astronomy (£, > 100 GeV) the interaction process
proceeds in the deep inelastic scattering regime. The leading order differential cross
section for the CC interactions in (3.1 is given by [60]:

d*o,N  2G3mnE, My,
dedy T (Q% + ME,)?

[l'Q(.’IJ,QZ) +$(1 - y)Qq_(xan)L (33)

where Q2 is the square of the momentum transferred between the neutrino and the
lepton, my is the nucleon mass, My is the mass of the W boson, and G g is the Fermi
coupling constant. The functions ¢(z, @?) and g(z, Q?) are the parton distributionﬂ
for quarks and anti-quarks, z = Q%/2my(E, — F;) and y = (E, — E;)/E, are the so-
called scaling variables or Feynman-Bjorken variable Figure shows the v, and
v, cross sections as a function of the neutrino energy. For 105 eV < E, < 10?1 eV a
simple power law form is a good representation of the cross sections trend: at lower

The W boson is a fundamental particle which, together with the Z boson, mediates the charged
and neutral current weak interactions.

2Partons were proposed by Feynman as point-like constituents of hadrons, before quarks and
gluons were generally accepted [53].

3Lorentz invariant kinematic variables proposed by Bjorken (1969) [38] for electron-nucleon deep
inelastic scattering.
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Figure 3.2. Cross sections for CC (thin line) and NC (dotted line) neutrino interactions at
high energies. The total cross section, determined by the CTEQ collaboration [91], is
also indicated (thick line). Figure from [60].

energy the neutrino cross section rises linearly with £, up to ~ 10 GeV, while after
this value it grows more slowly.

In a high energy neutrino detector one can distinguish between two main event
signatures linear-shaped: events (tracks), and spherical-shaped events (showers).
Indeed, if the path lengt of the particle exceeds the spatial resolution of the detector,
the trajectory of the particle can be resolved and a track is sperimentally observed.
Moreover, as Figure [3.1 shows, showers occur in all interactions. However, for CC
vy, often only the muon track is detected, as the path length of a muon in water
exceeds that of a shower by more than 3 orders of magnitude for energies above 2
TeV (at this energy the muon path in water is about 1 km). Therefore, such a very
high energy CC events might very well be detected even if the interaction has taken
place several km outside the instrumented volume, provided that the muon reaches
and traverses the detector. High-energy tracks extend the effective volume of the
detector by far with respect to the merely instrumented volume.

Cosmic neutrino detectors are not background free. Showers induced by interactions
of CRs with the Earth atmosphere produce the so-called atmospheric muons and
atmospheric neutrinos. Figure 3.3| shows that below the horizon (cos(f) < 0, where
0 is the zenith angle), from which up-going tracks come, the Earth filters all cosmic
ray products except neutrinos. In the sample of tracks coming from above the
horizon (cos(f) = 0) high energy down-going atmospheric muons constitute the
main background. These muons can penetrate several kilometers of water or ice and
their flux exceeds that induced by atmospheric neutrino interactions by many order
of magnitude, decreasing with increasing detector depth. For this reason neutrino
detectors must be located deeply under a large amount of shielding matter in order

4Mean lenght of the distance traveled through the medium by a charged particle after decaying
or interacting with it.
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Figure 3.3. Different contributions (flux as a function of the cosine of the zenith angle) of
the atmospheric muons (blue line for a depth of 1680 m and green line for a depth of
3880 m), and the atmospheric neutrino induced muons (black line for an energy threshold
of 100 GeV and red line for an energy threshold of 1 TeV). Figure from [47].

to reduce this background component. The previous generation ef experiments which
had looked also for astrophysical neutrinos (MACRO [2I] and SuperKamiokande
[13]) was located under mountains, and has reached almost the maximum possible
size for underground detectors. Another background component, for the search
of neutrino from astrophysical sources, is given by up-going muons produced by
interactions of up-going atmospheric neutrinos. Collecting only the events classified
as "up-going" the atmospheric neutrinos that have traversed the Earth, represent
the irreducible background for the study of cosmic neutrinos. The rejection of
this background depends upon the pointing capability of the telescope. A further
signal to background discrimation is provided by the energy distribution of this two
samples. The expected cosmic neutrino energy spectrum is quite "hard", possibly
described by a power law like E~7 where 2.0 < v < 2.4, while the high energy part
of atmospheric neutrinos has a much steeper energy spectrum (y ~ 3.7), as a result
of the CR spectrum generating them. This implies that the detector should also
allow a quite good energy measurement of the parent neutrino energy.

The transmission probability, through the Earth, of neutrino fluxes S(E,, ) must
be considered in the up-going neutrino search. It depends on the neutrino direction,
as well as from energy and the total CC cross section ocC(E), ), as [89]:

S(By,..0) = exp | ~Naoce(By,.) / p(ﬁ,)\)dl} , (3.4)

where Ny is the Avogadro number, p(6,1) is the Earth density profile for a given
direction 6 and [ is the distance traveled in the Earth by neutrinos. At energies
E > 10 PeV the Earth becomes opaque to up-going neutrinos: therefore in this
energy window, where the atmospheric background is very small, it is possible to
observe only down-going events.
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Muon neutrino detection

Muon neutrinos are especially interesting in a search for neutrinos from cosmic
sources. They can do CC interaction (3.1) and produce muons that neutrino
telescopes detect. If neutrinos have energies larger than ~ 1 TeV, v, interactions can
occur outside the detector volume, since in most cases muons are energetic enough
to completely traverse the detector. This gives a clean experimental signal which
allows an accurate reconstruction of the muon direction, closely correlated with the
neutrino. In fact the average angle between the incident neutrino and the outgoing
muon 6¢,,, decreases with increasing neutrino energy £, as:

0.6°

0, < —————.
* = VE, (TeV)

Moreover, a muon traveling through ice or water is subject to multiple scattering,
that causes deviations of the muon direction [124]: however, at the energies and
distances here involved, this effect can be neglected. Muon direction can be measured
with an intrinsic resolution which depends on many factors, and in particular on the
propagation medium. From Monte Carlo simulations, the precision is of the order of
less than 1° in ice, and ~ 0.2° in water [47], the difference being connected with the
larger scattering effects of ice.

(3.5)

3.2 Cherenkov effect

Cherenkov radiation is a result of a polarization effect induced by charged particles
crossing an optically transparent medium with speed larger than that of light in
that medium [46]. The charged particle polarizes the molecules along the particle
trajectory, but only when the particle moves faster than the speed of light in the
medium, an overall dipole moment is present. Light is emitted when the electrons
of the medium restore themselves to equilibrium after the perturbation has passed,
creating a coherent radiation on the surface of a cone with a characteristic angle ¢
given by:
1

cos o = B (3.6)
where n is the refracting index of the medium and § is the particle speed in units of
c. The number of Cherenkov photons, N., emitted per unit wavelength interval, dA,
and unit distance traveled, dx, by a charged particle of charge e is given by

d’N, 27 1
= 1— —— .
dzd)\  137)\2 ( n252> ’ (3.7)

where A is the wavelength of the radiation. Shorter wavelengths contribute more
significantly to the Cherenkov radiation. Light absorption by water or ice strongly
suppresses some wavelengths (for details see [47]).

In Table Cherenkov angle values, given by the Equation are shown for water
and ice, media of ANTARES and IceCube, respectively.
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Figure 3.4. Cherenkov effect produced via CC weak interaction by a muonic neutrino v,
(left panel), which generates a muon track, and by an electronic neutrino v, (right panel),
which produces a particle cascade. In the former case the Cherenkov radiation yields a
well defined circular ring, in the latter one multiple cones and therefore a diffuse ring
is produced. The signal is revealed by a three-dimensional array of Photo Multiplier
Tubes (PMTs). Note that the distance between two close PMTs refers to IceCube (see

3.3.1). Figure from [71].
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Water 1.364 ~ 43°
Ice 1.33 ~41°

Table 3.1. Cherenkov angles for relativistic particles traveling in water and ice.

3.3 Neutrino telescopes

3.3.1 IceCube

Structure and data acquisition system

The IceCube Neutrino Observatory is a cubic-kilometer-scale high-energy neutrino
detector built into the South Pole ice. It is the largest neutrino detector built to
date and it was completed in 2011. It was designed specifically to detect neutrinos
at TeV-PeV energies. It consists of a deep detector (Inlce) and a surface detector
(IceTop), as Figure shows.

The design of the main Inlce part of the detector consists of ~ 80 strings, buried
at 1450 to 2450 m under the surface of the ice, each bearing 60 Digital Optical
Modules (DOMs) with 17 m spacing (see Figure ). The strings are placed on a
125 m hexagonal grid, providing a 1 km? instrumented volume. The IceTop surface
air-shower is an array of ~ 80 stations for the study of extensive air showers. Each
IceTop station, located above an IceCube string, consists of two tanks filled with ice.
Each of those tanks contains two DOMs of same design as the one used for the Inlce
part of the detector. The surface array, which covers an area of about 1 km?, can
be operated looking for anti-coincidence with the Inlce events to reject down-going
muons (see Section . It can also be used in coincidence, to provide a useful tool
for cosmic rays composition study. The holes for the strings have been obtained
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Figure 3.6. Event detected by IceCube on November 12, 2010. Duration: 3.8 us; energy:
71.4 TeV; declination: —0.4°; right ascension: 110°. Each DOM is shown by a white
dot. Colors indicate arrival time: red first, green last. Colored spheres show sensors
have detected light. Size scales with the amount of recorder light. The arrow shows the
path of particle through detector. Figure from https://icecube.wisc.edu/science/
icecube/detector.

with a jet of hot water, a stream of ~ 800 liters per minute of 88°C water. This
water is propelled through a 1.8 cm diameter nozzle, melting a hole through the ice.
Drilling a 2500 m deep, 60 cm diameter hole takes about 40 hours. Deploying a
string of DOMs takes about another 12 hours.

Encapsulated in a glass pressure sphere to withstand the extreme pressure in the deep
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ice, the main components of a DOM are a 10” PMT, a DC-DC high-voltage power
supply, a light-emitting diode (LED) Flasher Board, and a Main Board containing
the analog and digital processing circuitry for PMT pulses.

Photomultipliers transform the Cherenkov light from neutrino interaction into
electrical signals using the photoelectric effec These signals are captured by a
dedicated electronics card that digitize the shape of current pulses. The information,
the occurrence time of the signal and its total charge, is sent, via cable, to the
computers collecting the data. Interesting events (usually highly energetic ones)
are sent by satellite to the IceCube data warehouse in Madison, WI. Essentially,
IceCube consists of 5160 freely running sensors sending time-stamped, digitized
waveforms of the light they detect to the surface. The local clocks in the sensors are
kept calibrated with nanosecond precision. This information allows the scientists
to reconstruct neutrino events and infer their arrival directions and energies. For a
more detailed description of the experiment refer to the review of the observatory
[r1].

3.3.2 ANTARES

Detector and data tacking

The Astronomy with a Neutrino Telescope and Abyss environmental RESearch
project (ANTARES) has been set up in 1996 and has been completed in May 2008,
with the connection of its twelfth detector line [I8]. This experiment is at present
the largest neutrino observatory in the Northern hemisphere; it is located, in fact,
in the Mediterranean Sea, anchored at a depth of about 2.475 m, 40 km off the
coast, of Toulon, France. It is designed to observe the Southern Hemisphere sky, as
complement to IceCube. Indeed, this latter detects neutrinos from both hemispheres
but the Southern sky is obscured by the large flux of cosmic ray muons [71] (see
Figure . Analogously, ANTARES is prevented from observations of the Northern
Sky because of the large atmospheric muon flux.

ANTARES consists of strings of photomultipliers, made of mechanically resistant
electro-optical vertical cables anchored at the sea bed at distances of about 70 m
one from each other, and tensioned by buoys at the top. In Figure the principal
component of the detector are indicated. Each string has 25 storeys, each of
them contains three optical modules (OMs) and a local control module for the
corresponding electronics. The OMs are arranged with the axis of the PMT 45°
below the horizontal in order to optimize the view of the Southern sky. In the lower
hemisphere there is an overlap in angular acceptance between modules, permitting
an event trigger based on coincidences from this overlap.

Since lines are subject to the sea current and can change shape and orientation,
on each string, and on the dedicated instrumented line, there are different sensors
and instrumentation (LED beacons, hydrophones, compasses and tiltmeters) for
timing and position calibration [I5]. The first storey is about 100 m above the sea
floor and the distance between adjacent storeys is 14.5 m. The instrumented volume
corresponds to about 0.05 km?.

The basic unit of the detector is the optical module, consisting of a photomultiplier

5Emission of electrons or other free carriers released from or within a material when it absorbs
electromagnetic radiation.
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Figure 3.7. Schematic view of the ANTARES detector. Figure from [47].

tube, various sensors and associated electronics, housed in a pressure-resistant glass
sphere. Its main component is a 10” hemispherical photomultiplier glued to the glass
sphere with optical gel. A u-metal cage is used to shield the PMT against the Earth
magnetic field. Electronic inside the OM are the PMT data acquisition, the DC-DC
converter high voltage power supply and a LED system used for internal calibration.
The total ANTARES sky coverage is 3.57 sr, with an instantaneous overlap of 0.57 sr
with that of the IceCube experiment. The Galactic Centre can be observed 67% of
the day time by means of Earth-filtered events.

The arrival time and intensity of the Cherenkov light on the OMs are digitized into
‘hits’ and transmitted to shore, where events containing muons are separated from
the optical background due to natural radioactive decays and bioluminescence, and
stored on disk. A detailed description of the detector and of the data acquisition is

given in [18] [19].

Background estimation

In the sea water, bioluminescence and radioactive decay of “°K produce a random
optical background that can vary between 50 and 300 kHz per PMT, depending for
example on the time of the year or the sea current. A multi-level online triggering
procedure is applied to select possible particle signatures (see [19] for a more detailed
description).

In addition to the cosmic neutrino signal that the ANTARES experiment is searching
for, there are other processes that can produce muon tracks in the detector and
are considered as background events. As discussed above, by searching only for
up-going particles, the atmospheric down-going muon background can be rejected.
Nevertheless, muons from above can also produce signals in the detector that appear
as up-going events. Using quality cuts on the reconstruction parameters, these falsely
reconstructed atmospheric muon tracks can be suppressed to a rate of 0.4 events
per day. Atmospheric neutrinos produced by cosmic rays below the horizon can also



44 3. Neutrino Telescopes

Figure 3.8. Top: Sky observable by IceCube. Bottom: Sky observable by ANTARES,
inclusing most of the Galactic Plane (and the Galactic Center too). Figure from [64].

traverse the Earth, and they represent the main background component (~ 3 events
per day after quality cuts [16]) to the cosmic neutrinos.

Muon track reconstruction

A particular algorithm, described in [I6], is used to reconstruct tracks. It derives the
muon track parameters that maximise a likelihood function built from the difference
between the expected and the measured arrival times of the hits from the Cherenkov
photons emitted along the muon track. This reconstruction returns two quality
parameters: the track-fit quality parameter A and the estimated angular uncertainty
on the muon track direction 8. Cuts on these parameters can be used to improve
the signal-to-noise ratio. To ensure a good directional reconstruction of the selected
neutrino candidates § < 1° is generally required. The optimum A values range
from -5.5 to 5.0 depending on the source and the background characteristics during
the flares. These cuts remove most of the remaining atmospheric muons which are
mis-reconstructed as up-going tracks.

Detector performances

ANTARES is characterized by an excellent angular resolution. The angle between
the interacting neutrino and the reconstructed muon, introduced in Equation is
crucial for establishing the angular uncertainty on the incoming neutrino direction.
For E =1 TeV this angle is on average 0.6° and decreases with increasing energy.
The detector resolution on muon’s track is important too. It depends on the align-
ment between the different components, on PMTs time resolution, on the global
time of the read-out system and on the reconstruction quality of the muon tracks.
The Figure [3.9] shows the error on angle determination obtained after several quality
criteria from muon neutrino interactions as a function of the simulated neutrino
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Figure 3.9. ANTARES angular resolution with respect to the neutrino energy. The
bottom curve (red points) shows the angle difference between the reconstructed muon
and the simulated one. The mismatch is always below 0.5 degree. The top curve (violet
points) shows the angular error between the reconstructed muon and the simulated
neutrino. Below 1 TeV the error is dominated by the kinematics; above 1 TeV the muon
is emitted in the direction of the parent neutrino. Figure from http://antares.in2p3.
fr/0verview/performance.html.

energy. Above 10 TeV, the ANTARES angular resolution is better than 0.3°. This
angular resolution leads to a very good background rejection in cosmic source
searches.

The energy response is determined by the energy fraction transferred to the
muon in the neutrino interaction, the energy lost by the muon outside the detector
and the energy resolution of the detector. The muon energy determination requires
different techniques in different energy ranges:

e Below 100 GeV, the muons are close to minimum-ionizing, and the energy
of contained events, with start and end points measured inside the detector,
can be determined accurately from the range. The threshold for this method
is about 5-10 GeV for vertical tracks, depending on the vertical distance
between groups of optical modules, and about 15 GeV for more isotropic
events, depending on the horizontal distance between lines.

e Above 100 GeV, the range cannot be measured because of the limited size of
the detector, but the visible range determines a minimum energy that can be
used for the analysis of partially-contained events: starting events in which
the vertex point is measured inside the detector, and stopping events in which
the endpoint is measured.

o Above 1 TeV, stochastic processes (bremsstrahlung, pair production) are
dominant, and the muon energy loss becomes proportional to the energy. The
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muon range above 1 TeV increases only logarithmically with the muon energy.
On the other hand, the detection efficiency increases with energy because of
the additional energy loss. Monte Carlo studies have shown that the neutrino
energy can be determined within a factor 3 above 1 TeV from the average
energy loss.

e Above 1 PeV, the Earth becomes opaque to upward-going vertical neutrinos.
Higher energies are accessible closer to the horizon.
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Figure 3.10. ANTARES neutrino effective area with respect to the neutrino energy. Figure
from http://antares.in2p3.fr/0verview/performance.html,

In Figure the ANTARES neutrino effective area Aeﬁﬁ is shown as a function
of the neutrino energy, for different incoming directions. Around the vertical (0—30°)
and above 100 TeV, the Earth starts to become opaque to neutrinos: because of their
larger cross section, they interact early and the muon cannot reach the detector.
At larger angles the rock thickness is smaller and this effect occurs later in energy.
As a consequence the detector remains very efficient at very high energy for nearly
horizontal neutrinos.

3.3.3 Major results on high-energy astrophysical sources from neu-
trino telescopes

Since 2013, a diffuse flux of high-energy cosmic neutrinos has been observed by
IceCube, though its origin still nowadays remains unexplained [3]. Recently IceCube
has also detected (on 22 September 2017), for the first time, a high-energy neutrino

5Surface the detector would have perpendicular to the incident particle beam if its detection
efficiency was 100%. It is obtained from a full Monte Carlo simulation of neutrino events tacking
also into account the selection and reconstruction steps of the analyses. Then, the effective area is
the ratio of the rate of detected events (s™') over the incident flux (em™2s71).
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event coincident in direction and time with a gamma-ray flare from the blazar TXS
05064056, with a significance level of 3.5 o [§]. This discovery was greeted with great
enthusiasm by the entire scientific community as it establish the first cosmological
neutrino source ever detected.

Interestingly, to date, no correlation with GRBs has been observed yet. The
IceCube Collaboration itself has been searching for high energy neutrino signals
coincident in time and direction with these sources. From the absence of a signal,
upper limits on the neutrino flux from these objects has been establishing assuming
an E~2 neutrino spectrum from the source, as foreseen by standard acceleration
theory. The latest all-sky search for muon neutrinos produced during the prompt
~-ray emission involved 1172 GRBs distributed over the whole sky. In fact, the short
pulse duration allows for a search also from the down-going direction. No correlation
between neutrino events and observed GRBs was identified and new constraints for
single-zone fireball models of GRB neutrino production was obtained [7]. Assuming
an E~25 (E~2%13) neutrino spectrum, IceCube has constrained the contribution of
long GRBs to the astrophysical neutrino flux to at most for 5% (30%) [9].

So far, a non detection was registred also within the data of the ANTARES detector
regarding spatial and temporal neutrino coincidences with GRBs. Analogously to
IceCube, 90% confidence level upper limits on the expected signal fluences have been
derived (e.g. [20]). A more detailed description of the neutrino flux expectations
and the analysis method i provided in Chapter [6

Constraints on GRB parameters have been also derived, though they do not yet
constrain neutrino emission models. Further investigations will be possible with
the incoming generation of neutrino detectors, such as KM3NeT-ARCA [I7] and
IceCube-GEN2 [4].
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Chapter 4

GRB 110918A light curve
analysis

In this Chapter an innovative study proposed for GRB light curves is presented. The
aim of this thesis is the study of one particular GRB, GRB 110918A. The Chapter
is organized as follows: in Section the procedure adopted to select GRB 110918A
is explained; in the following Section [4.2, the light curve characteristics are shown,
among which the non-linearity and non-stationary of its data . Finally the
impact of characteristic parameters of GRB light curves on their profile has been
analyzed by means of simulations, as described in Section 4.3.2.

4.1 Procedure for GRB selection

GRB data from the Konus-WIND satellite have been considered! Konus is GRB
monitor launched on the Russian GGS-WIND spacecraft in November 1994. The
Konus detector array consists of two unshielded gamma ray sensors located on
opposing spin axes of the spacecraft. In interplanetary space far outside the magne-
tosphere, Konus has two advantages over Earth-orbiting GRB monitors: continuous
coverage uninterrupted by Earth occultation and a steady background unaffected by
passages through the trapped radiation. Data are given in the energy band 50-20
keV with a time sampling of 64 ms.

GRBs have been selected based on their duration (long GRBs), fluence (fluence larger
than 107° erg cm™2), their light curves profile (presence of pulses and quiescent
periods) and their temporal characteristics (non linear and non stationary data).
With this selection, GRBs which show high temporal variability, that according to
models can be explained by a sequence of phenomena in the sources, have been
identified. The attempt will be to try to attribute the visible characteristics of the
light curve to the sequence of phenomena (modes) that characterize the source. This
study will be performed by the subsequent use of the Empirical Mode Decomposition
(EMD) on the selected light curve (see Chapter [5). In Table the initially selected
GRBs and their characteristic values are shown. All the parameters presented in
the table are taken either from the literature corresponding to the selected GRB or

"https://gen.gsfc.nasa.gov/konus_grbs.htmll
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from the Gamma-ray bursts Coordinate Network (GCN) archiveﬂ except for the
isotropic-equivalent luminosity Lis,. This last quantity is related to GRB duration
and to the total measured fluence in y-rays via the redshift z and it is calculated
through the following relation:

Liso = 47rd%(z)5, (4.1)

To

where d(z) is the luminosity distance, which depends on the redshift and on
parameters assumed from the cosmological model (ACDM

FA/ Tgo ty z Liso
(ergem™2)  (s)  (s) (ergs™)
GRB 080411 6.3x10~° 56 - 1.031 6.46 x 10°1

GRB 081009 3.1x107° 41 0.16 2.150 3.07 x 102
GRB 110918 7.5x10~%* 19.64 0.25 0.984 4.40 x 10°*

GRB 120919 1.4 x107° 21 - 0.267 1.49 x 10
GRB 160422 8.7x107° 12 - 1.237 6.56 x 10°2
GRB 161020 5.1 x107° 38 - 1379 1.60 x 10°?
GRB 130504 2.0x107%* 73 - 0416 1.72 x10%!
GRB 130505 3.1x107% 21 - 2270 6.12 x 10

Table 4.1. Selected GRBs and their parameters. From left to right: GRB name; fluence;
GRB prompt duration expressed through the Tyy variable, defined in variability
time, also defined in [2.2.2; redshift; isotropic-equivalent luminosity. Values of the fluence
F, refer to the Konus-WIND spectra energy range: 20 keV — 10 MeV.

Among these gamma-ray bursts, GRB 110918 (or GRB 110918A) was selected
because it is the brightest one, it has peculiar light curve characteristics (described
in the next Section , its data are nonlinear and, importantly, its variability time
is known. Indeed, this gives an important help and information for the light curve
simulation (see Chapter [4])

4.2 GRB 110918A

The ultraluminous GRB 110918A is the brightest long GRB detected by Konus-
WIND (KW) during its observation years and the most luminous one observed until
now. Unfortunately, both Swift and Fermi satellites were Earth-occulted at the
time of the burst [85], but Swift could still observe the afterglow emission after
~ 30 hours. A comprehensive analysis of this GRB observations was presented by
[57], from which all the necessary information for the purpose of this work has been
obtained. It was detected by the satellite at Tp = 77222.856 s UT (21 : 27 : 02.856)
on 2011 September 18th by a Konus detector which observes the Southern ecliptic
hemisphere, with an incident angle of 53°.1. The propagation delay from the Earth
to WIND was 3.928 s for this GRB: correcting for this factor the KW trigger time
corresponds to the Earth-crossing time T = 77218.928 s UT (21 : 26 : 58.928).

*nttps://gen.gsfc.nasa.gov/gen3_archive.html.
3Standard cosmological model values: Hyp = 71 km s7! Mpcfl, Qa = 0.27, Q5 = 0.73.
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Time interval Q 15} E, FE,

(s) (keV)  (107* erg cm™2)
0.000-28.416 —1.647058 —2.257009 340770 7.787048
0.000-2.304  —0.957905 9 411+010 99100 4,03+0-1
0.000-13.312 —1.12+008 5 ggh008  caqito 6001031

: : 1£-0.08 46-0.10 -100 U7-0.38
13.312-28.416 ~ —1.270%  —3.3%02  78*3 15710,

Table 4.2. Konus-WIND time-averaged spectral fits with the Band function. For the
parameter explanation see Section [2.2.1. Values of the fluence F refer to the 20 keV —
10 MeV energy band.
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Figure 4.1. Eiy, (left) and Lis, (right) of Konus-WIND GRBs with known redshift. The
GRB 110918A is indicated by the red star. The grey circles show data for the KW
bursts. The dashed line indicates the KW detection horizon for a similar ultraluminous
GRB (z ~ 7.5). Figure from [57].

Considering the standard Band function for the description of the GRB energy
spectrum as observed in 7 rays (see Equation , the averaged total spectrum is
characterized by values indicated in Table @ These values are from [57], where
furthermore the values for the average spectrum of the initial pulse are given from
Ty to Ty + 2.304 s, for the first part of the light curve, from Ty to Ty + 13.312 s,
and for the second one, from Ty + 13.312 s to Ty + 28.416 s. It is evident that the
initial pulse, the brightest one, is very hard too, while the remaining part of the
GRB 110918A light curve is softer.

From optical afterglow observations made with the Gran Teloscopio Canarias at
Roque de los Muchachos Observatory, the GRB was estimated at z = 0.984 + 0.001
[50]. At this redshift, the high energy fluence measured by Konus-WIND, 7.5 x
10~* erg cm ™2, implies a huge isotropic equivalent energy released in the source
frame, Fis, = (2.1 +0.1) x 10°* erg, and an isotropic-equivalent peak luminosity
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Figure 4.2. GRB 110918A light curve detected by Konus-WIND satellite at T, =
77222.856 s UT (21 : 27 : 02.856) on 2011 September 18. This light curve is reproduced
by using available on-line data from https://gcn.gsfc.nasa.gov/konus_grbs.html.
The available data go from Ty — 0.512 s to Ty + 98.7521 s. In this plot the data from 25
s to ~ 100 s have been removed to focus on prompt emission. The error on counts is
calculated as Poisson noise, y/counts.

Ligo ~ 4.4 x 10°* erg s7! (see Figure [4.1]).

The GRB light curve, shown in Figure [4.2] starts with an extremely bright and short
pulse (more than half of its energy, ~ 55%, is released in the initial pulse) followed
by three weaker and partly overlapping pulses in the next ~ 25 s, showing a long
quiescent period (~ 10 s) between the second and the third peak. The total duration
of the burst is T1go = 95.154 s and the corresponding Tyy value is 19.6 = 0.1 s. Tigo
and Tyg are in this case not similar measures of duration, which is not a characteristic
condition of the less bright GRBs [I120]. Furthermore, assuming that the shortest
timescale in GRB prompt emission (variability time ¢ ) is the shortest pulse width
0T, the value t, ~ §T = 0.25 s was estimated.

4.2.1 Non-linearity and non-stationary study

The time series of a GRB is generally a non-stationary time series and all of its
statistical properties vary with time. Considering long GRB as a manifestation of a
stochastic process, time-dependent and time-averaged probability density functions
(PDFs) have been studied, following the method proposed by N. Bhatt & S. Bhat-
tacharyya [36]. The PDFs, in fact, characterize the underlying stochastic process
and allow to define the linearity or non linearity of the considered data. The method
is characterized by the following steps:

1. The GRB light curves are divided into different time segments, each char-
acterizing distinct pulses of the GRBs, to study the time evolution of the
PDF;

2. Each time segment is then divided in smaller time intervals from the starting
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time t to t + 7, where the length of 7 is chosen by visually inspecting the GRB
time structure and by finding the correct and stable-results binning for each
of them;

3. For each of these intervals the PDF is calculated as:

AN, AN,
PDFy i (2) = == + Y

(4.2)
where x represents the count rate, AN, is the number of points (along the
y-axis in light curves, i.e. count rates) in the interval Az from z to x + dz,
and N is the total number of points in the considered time segment.

4. The curve obtained with PDF points in each time segment is fitted with a
single or multiple Gaussian distributions given by:

F(z) = %Ai exp l; (”" - “")2 , (4.3)

i=1 i

with M > 1. The amplitude A;, the mean pu; and the standard deviation o; of
each Gaussian distribution are output values by the fit.

If PDFs are non-fittable with a Gaussian function the physical underlying stochastic
process can be considered nonlinear, which is a preliminary condition for the EMD
study.

GRB 110918A, which from the beginning was one of the best candidates for its
characteristics, as already explained in Section also respects the non-linearity and
non-stationary request. As shown in Figure the probability density function of
GRB 110918A, calculated as indicated in Equation [4.2] does not remain independent
on the time and consequently its time series is non-stationary.

Regarding the linearity study, four different time segments have been chosen, [-0.5,
2.7 s, [2.7, 10.0] s, [10.0, 16.7] s, [16.7, 25.1] s, which are indicated with different
colors in Figure From the extrema of each time-segment, the best number of
bins has been calculated and used for calculating the probability density function
through the Equation Since in each case the best one was Npi,s ~ 50, this value
has been used in all four time intervals, calculating the corresponding Az (Figure
. In Table @ fit results for Npi,s = 50 are shown. The cases Npi,s = 40 and
Npins = 60 have been studied too, for checking if the results were stable or not (see
Appendix E for additional figures). It is clear that almost all the intervals are not
fittable with a Gaussian function. Using this same study separately for quiescent
periods and peaks, it is evident that the non-linearity comes from the instantaneous
bursts produced by the GRB central engine. Since the total probability density
function is sum of non-Gaussian distributions evolving with time, the GRB 110918A
light curve can certainly be regarded as non-stationary and non-linear. The reason
for which this result makes the GRB suitable for the analysis of this work will be
better understood in Chapter
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Figure 4.3. Light curve of GRB 110918A, in which each color corresponds to a different
portion of the light curve (Figure (a)), and time-dependent PDF for each of these time
intervals: Figure (b): [-0.5,2.7] s, Az = 855!, Npins = 50; Figure (c): [2.7, 10.0] s,
Az =16 571, Npjins = 50; Figure (d): [10.0, 16.7] s, Az = 7 571, Npjins = 50; Figure (e):
[16.7, 25.1] 8, Az = 14 5, Nijns = 50.
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Time M A; L o; /v
(s) s7H)  (7hH
-0.5-2.7 1 0.197 164.26 127.50 1.088

2.7-100 - - -
10.0 - 16.7 - - - - -
16.7-25.1 - - - - -

Table 4.3. Fitted parameters in GRB 110918A in the case of Nypi,s = 50. From left to
right: time segment; peaks number; gaussian parameters, the goodness-of-fit parameters.
Only the first peak gives a Gaussian function.

4.3 Numerical simulations within a multi-collision ap-
proach

One of the objectives of this work is to draw conclusions on GRB 110918A-like light
curves comparing the real light curve with a simulation that closely resembles it.
In order to obtain a simulated light curve similar to the observed GRB 110918A one,
the NeuCosmA code, described by Hiimmer et al. (2010) [77], has been used.
NeuCosmA is a Python code for the simulation of hadronic interactions in GRBs
environments, including not only the AT resonance ’Z but also higher mass reso-
nances

p+ v — KT + neutral hyperon (4.4)

and the following kaon decay
Kt = ut+u,. (4.5)

It simulates collisions in a GRB jet, following the internal shock model (Section
, constructs synthetic GRB light curves and estimates an expected neutrino
flux for GRBs through, after some recent proposals (e.g. [27], [43]), the so-called
multi-collision approach.

Multi-collision vs. one-collision approach

In the multi-collision approach great improvements to the light curve simulation
and to the neutrino flux estimate are obtained with respect to the classical one-zone
collision approach, in which all collisions are supposed to be identical. Indeed, in
this latter case average shell properties (that can be derived from observations) are
assumed, and neutrino emission is computed for a single representative collision
which is then rescaled by the number of collisions to yield the total flux of the burst.
In the multi-zone approach, instead, a system of plasma shells with a distribution of
Lorentz factors, masses and widths is evolved, leading to collisions at different radii.
Thus, this model is clearly more realistic than the other one. A different amount of
energy and particles is released in each collision, because physical conditions vary.
All pulses are superposed to obtain the GRB light curve and particle fluxes. It
suggests a GRB multi-zone production for either neutrinos, v rays and cosmic rays,
which significantly lowers the neutrino expected flux with respect to the previous
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=7

Figure 4.4. Illustration of the multi-collision model used in the NeuCosmA code. The
central engine emits a set of shells (Ngpen) with same width [ and separation between
each other d but with different Lorentz factors I'y o. A faster shell catches up with a
slower one, initiating a collision, during which particles are accelerated and emitted.
The result of this process is that a merged shell is formed. The new shell continues its
propagation within the fireball and eventually collides with another shell. Figure from

[43].

predictions. Figure [4.4 illustrates how the NeuCosmA code simulates the coasting
phase of the GRB. For more details see [43].

4.3.1 Simulated light curve

To obtain the simulated light curve with the NeuCosmA code, general features have

been considered [43]:

o The overall duration of the burst scales with the initial size of the fireball (i.e.
the separation between the first and last shell). This is because the fireball
travels at almost the light speed and the observed time of a single collision is
unrelated to the absolute collision radius but instead relates to the relative

position within the fireball;

e The observed variability timescale scales with the number of collisions which
in turn is directly related to the initial number of shells;

o The width of single pulses (created by the emission from one single collision)
depends on the shell sizes as larger shells produce wider peaks. It is relevant
to recall here that during collisions, shells are compressed, thus those ones
produced at later times are expected to have a negligible impact on the total

light curve.
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e Bright collisions are those between shells which have a very large difference in
Lorentz factors;

e The order in which the shells collide depends only on the distance between
neighboring shells and their relative Lorentz factors;

e To achieve a broader structure in the light curve, it is convenient to put an
underlying broad structure in the initial fireball, i.e. regions with both very
fast and very slow shells;

e The variability in the light curve is created by fluctuations of the Lorentz
factors of neighboring shells;

e The light curve does not trivially relate to the initial shell configuration since

1. a strong variability in a region of the fireball leads to a slowdown (the vari-
ability causes collisions which emit high amounts of energy and therefore
reduce the speed of the produced merged shell),

2. strong light curve pulses are only created by fast regions running into
slow ones.

Starting from these considerations, a simulation reproducing the inner jet dynamics
was performed. Several input parameters were required to start the simulation, as
the initial radii distribution and the Lorentz factor distribution. The former, in
Table was fixed as explained below.

e Ruin and Ry, the distance from the innermost shell to central emitter and
the deceleration radius (where the circumburst medium starts), respectively,
have been decided starting from limit values calculated following the standard

formulae: ;
c
Runin = 2r2—1 +VZ, (4.6)
cTyo
Rpax = 22 —2 4.7
a. 1 +Z ( )

The variability time t,, the burst duration Tyg, the sound speed ¢, and the
redshift z are known, while I" is an average value over the jet, which is assumed
to coincide with the inferred lower limit of the bulk Lorentz factor of the GRB
ejecta I' > 360 [57].

e The initial number of shells Ngpe is the minimum value reproducing the
observed light curve profile and output values for variability time ¢, burst
duration Tyg and collisions number N, close to the known ones from the
literature.

e The initial common shells width / and the common separation between consec-
utive shells d influence the produced light curve by the simulation, as discussed
in Appendix |C| The selected value is reported below.

o The initial mass of individual shells my o is a standard value, already present
in the code. The assumption under which the simulation has been done is that
my o is equal for all k (equal-mass assumption).
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Input parameters Units Values

Nghent - 110

Roin km 1.4 x 1010

Rmax km 6.0 x 1011
l km 7.5 x 10*
d km 6.0 x 103

My 0 GeV 2.0 x 10%
z - 0.984

Table 4.4. Input parameters for the burst simulation in Figure From top to bottom:
initial number of shells; distance from the innermost shell to central emitter; deceleration
radius (where the circumburst medium starts); initial shell width; initial separation
between consecutive shells; initial mass of the k-th shell; redshift of the emitter.

Radius generation and Lorentz factor distribution

Before deepening some of these choices, let’s focus on the used radius generation
and the Lorentz factor distribution. The obtained light curve has been produced
assuming an intermittent engine (because of the GRB structure) to reproduce the
long quiescent period (inactivity period of the central engine) between the two central
peaks. The initial values of shells Lorentz factors I'y o, are randomly sampled from
a log-normal distribution defined by the characteristic value I'g and the amplitude

of fluctuations Ar:
I'o—1
In(—=—"—)=Ar- 4.
0 (E ) = 4rea (1)

where the random variable x follows a Gaussian distribution P(z)dz = (27)te™*"/2dx.
The characteristic distribution values used for reproducing the simulated light curve
are reported in Table

Since z is randomly extracted, 500 simulations have been done and the averaged
light curve has been computed. A very small value of the amplitude of fluctuations
Ar has been chosen because, for a larger one, it has been verified that, in each
simulation, the light curve profile changes enough to alter the final averaged result.
However, it was decided to perform 500 simulations in order to have a fairly high
statistics of output values to be compared with the known ones.

Comparison with known values of GRB 110918A
The NeuCosmA code returns in output the variability time t,, the burst duration
Tyo and the collisions number N, which is related to previous quantities as

Tyo

Neol = —. (4.9)
2%

In Figure [4.5 ty, Too and Ny distributions after 500 simulations performed with
the values in Tables [£.4 and [4.5 are shown. After performing a Gaussian fit, the
values indicated in Table [4.6 were obtained. These are consistent with the known
quantities for the GRB 110918A, thus the following results can be safely extracted
based on the assumptions reported so far.
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Ngnen  To
1 100
2 950
3 450
4 820
5 450
6-7 1080
8 1900
9-110 100

Table 4.5. Characteristic values I'y of log-normal distribution in Equation for each
shell or group of shells considered in the simulation. The amplitude of the fluctuations
Ar is always considered to be 0.01.
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Figure 4.5. Distributions of output parameters after 500 simulations performed with
the values in Tables and First panel (red): variability time ¢,; second panel
(blue): burst duration Tyo; third panel (green): collisions number Ngo. The thick line
shows the Gaussian fit, the dashed line shows the central value of the distribution, u,
and the dotted lines indicate u £ o, where o is the standard deviation of the Gaussian
distribution. Fit results are also indicated at the top of each panel.
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Simulation GRB 110918A

ty (s) 0.220 4+ 0.008 0.25
Too (s) 17.136 £0.003 19.6 £0.1
Neonl 78+ 3 Too/ty =79

Table 4.6. Comparison between variability time ¢, burst duration Tyg and collisions
number Ny for GRB 110918A (second column) and for the averaged simulated light
curve (first column).

Equal-mass assumption

In the code two different schemes can be selected in order to assign initial masses
to the shells: either the equal-mass assumption or the equal-energy one. To fix
this choice a result by Nakar & Piran (2002) [100] has been used as they studied
the relation between the observed ~-ray light curve and the inner engine’s activity.
Defining the pulses width, dt, and the intervals between pulses, At, the authors found,
thanks to simulations, that in the equal-mass model dt distribution is shorter than
the At one, while in the equal-energy model 0t and At reflect the same distribution
(Figure . In the equal-energy shells model the similarity between the At and 6t
distributions is due to the fact that both parameters reflect the separation between
the shells during their injection, while in the equal-mass shells model only At reflects
the initial shells separation, and therefore such a similarity is not expected [100].
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Figure 4.6. Distributions of pulses width ¢, intervals between pulses At and separation
between shells L. Figure (a): Equal-mass shells simulation. Figure (b) Equal-energy
shells simulation. Figure from [100].

Here, the Konus-WIND GRB 110918A light curve has been analyzed adopting the
Li & Fenimore (1996) peak finding algorithm (PFA) [93], as it allows to extract ot
and At values directly from the GRB light curve (Table . It is visible that the
obtained §t distribution is shorter than the At one (Figure . For this reason,
simulations with equal-mass assumption were selected. For a further insight into the
Li & Fenimore algorithm and more details about its application on GRB 110918A
light curve see Appendix
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Figure 4.7. Distributions of pulses width ¢ (dashed line) and intervals between pulses At
(solid line) for GRB 110918A light curve. The number of events is normalized to the
total counts number.

ot At

(s) (s)
0.816 £ 0.080  2.560
0.446 £0.023  1.024
2.019£0.155 10.432
2471 £0.058  3.264
2.597£0.111 -

Table 4.7. Pulses width §t and intervals between pulses At obtained for GRB 110918A
light curve. At values have not errors, because directly calculated from real data; dt
values, instead, have errors too because they have been obtained propagating parameters
errors returned by Gaussian fits considering the Equation For more details about
the 0t calculation see Appendix E

Using the parameters and assumptions just explained, the resulting light curve that
has been obtained after 500 simulations is shown in Figure 4.8, The simulated
and observed light curve profiles and their characteristic parameters seem to show
that the model assumptions reproduce the observed GRB 110918A light curve well.
However, the chi-squared test does not return a good value; comparing the observed
data cops to the simulated and averaged ones cgpy, for each point,

2= 1 i (Coms — cm)® g7 (4.10)
=~ ~ :

i1V (Cobs + Csim)

is obtained, where v is the degree of freedom (i.e. number of points in the light
curve) and the error on counts is calculated as Poisson noise. Indeed, while in the
first part the averaged light curve reproduces the observed GRB 110918A one quite
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well, after the long quiescent period the two light curves are a bit different, even if
they reproduce the times at which the peaks are observed and the distance between
the two, which is the important thing for the purposes of this work.

{  Averaged simulated light curve

H

} Observed GRB 110918A light curve
4000
¥

3000 ¥

2000

Counts [A.U.]

1000

Time [s]

Figure 4.8. Comparison between the Konus-WIND GRB 110918A light curve (in orange)
and the averaged simulated light curve reproduced with the NeuCosmA code (in blue).
The error on counts is calculated as Poisson noise, v/ counts.

An interesting and immediate consideration that can be derived is that the number of
observed pulses (5) is much smaller than the number of ejected shells (Ngpen = 110):
the inner engine is far more variable than the observed light curve, in agreement
with other previous studies (e.g. [100]).

4.3.2 Light curve characterization study

The influence of input parameters on the synthetic light curve produced in the simu-
lation is here investigated. In particular, several test were run, in which alternatively
one among the parameters reported in Table was modified, maintaining fixed all
the others. This has been applied to ty, Too, Neon, 0t, At and amplitude of peaks
A. Every time 500 simulations were performed, in order to consider the average
light curve. The PFA algorithm has been applied on each of them to derive dt, At
and the amplitude of peaks, while t,, Tgg and N have been extracted from their
distribution in the same way described in Section In this Section only the most
important plots are reported (which regard the quantities that change); see Appendix
for the other ones obtained for this study and related to the considerations that
are below.

The PFA algorithm identifies four peaks without a precise dependence (no strong
correlation) between their heights and the initial number of shells; furthermore, 6t
and At do not change significantly with Ngnen, not altering the light curve profile.
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Indeed, also the burst duration Tyy does not change for different initial number of
shells. The only quantities that vary with Nghep are the variability time ¢, (in an
exponential way) and, obviously, the collisions number N (linear dependence),
related to each other by the Equation (Figure .
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Figure 4.9. Variability time ¢,, burst duration Tgg and number of collisions N¢o (from
top to bottom, respectively) as a function of the initial number of shells.

However, as Ngphep increases (decreases), collisions increase (decreases) too. Most of
them are inactive collisions, which do not change the GRB light curve and charac-
teristics of its peaks. Therefore, the light curve reflects the emission time only of a
small amount of shells.

Particularly important is how the Lorentz factors of the shells influence the light
curve. Since the first peak, determined by the first shells emitted by the central
engine, is the most important one because it dominates the entire light curve, it has
been studied how the light curve changes with the variation of the Lorentz factor of
these shells (I'g; and I'g o were modified). Increasing I'g; and I'g o the first burst is
more and less intense and occurs before and after, respectively. A different behavior
happen also for the other peaks (Figure . As regard 0t and At, it is observed
that, with the increase of I'g 2, the first peak becomes exponentially narrower, while
the third and the fourth ones tighten linearly. Furthermore, the second peak moves
away from the first, while the others approach. As a consequence the burst duration
decreases while the number of collisions remains almost constant (~ 79) (Figure
@) If, instead, it is I'g; to increase, At follows the same behavior now described,
but dt has exactly the opposite one: the first peak becomes exponentially wider
and the others tighten (Figures @ and . In this case, in fact, Tyg increases
and Ngo decreases (Figure @ . Therefore, if AI'y o =101 —I'g2 decreases, the
collisions number decreases too. The initial common width [ and common separation
d of shells also influence t,, Tyy and Ncoy; in both cases either ¢, or Tyy increase
linearly with greater | and d, instead N, decreases (Figure [4.11).
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Figure 4.10. Height of peaks Ay (left) and time at which they occur t; (right), with
1 <k <4, as a function of the first shell Lorentz factor I'g; variation and the second
shell Lorentz factor I'g o variation, in Figure (a) and Figure (b), respectively.
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Figure 4.11. Variability time t, burst duration Tyy and number of collisions N.o (from
top to bottom, respectively) as a function of the initial shells common width (left) and
of the initial shells common separation (right).

+ —— Fitted line
t Data

6000

+ 5500 ¢

ght

E 5000
x

i
< 4500

t

2
= 4000

3500

3000 -

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Common Width [c]

4250 -

IS
N
o
S

4150

I
prl
=)
]

First peak height

4050

0.00 0.01 0.02 0.03 0.04 0.05
Common Separation [c]

Figure 4.12. Height of the first peak A; as a function of the initial shells common width
(top) and of the initial shells common separation (bottom).




66

4. GRB 110918A light curve analysis

13
12
11
1.0

0. 5t

09
08
0.7
06

31
3.0
29
28
27

Ocy1s)

26
25

L

24

100 150 200 250 300

Tox

350 400 450 500

2.00 4

1.754

1.50 1

=
&

1.00 4

0.75 4

0.50

il

600 700

o2

800

21
20
19

Oy l8)

i

18
1.7
1.6

150 200 250 300

o

350 400 450 500

(a)

1.8

6,2 [s]

1.6

1.4+

(b)

Figure 4.13. Pulses width dt, with 1 < k& < 4, as a function of the first shell Lorentz
factor I'g 1 and the second shell Lorentz factor I'g o variation, in Figure(a) and Figure(b),

respectively.



4.3 Numerical simulations within a multi-collision approach

67

D1 [s]

By, [s]

10.2

4.60

4.55

B3 [s]

4.50
o

4.45

L ]
10.4
°
10.3 r
°
L ]
o

450 500 550

650 700 750 800 850
Foa

()

34

32
Z 30
<8

256 &

D,z [s]
-
o
S

L [ ]

L] [ ]
.
L]

600

700 800 900
fo.2

(b)
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Figure 4.15. Variability time ¢, burst duration Tyy and number of collisions N, (from
top to bottom, respectively) as a function of the first shell Lorentz factor I'g 1 (left) and
of the second shell Lorentz factor I'g o variation.

These results could provide help to adjust the input parameters in the NeuCosmA
code, or also in other simulations, if a certain simulated light curve is to be repro-
duced. They also help understanding how these characteristic parameters of GRBs
influence the light curves that are observed in various experiments and, therefore,
how the central engine of these astrophysical objects could work.



69

Chapter 5

Hilbert-Huang transformation:
a novel approach for GRB light
curves

An innovative method, recently proposed, to study GRB light curves consists into
the introduction of the Hilbert-Huang transformation (HHT) on observed data, as it
results particularly suitable for non-linear and non-stationary time series. This is
the reason for which one of the main requests in the GRB selection procedure was
that this was characterized by non-linear and non-stationary data (Section [4.1)).
Such a method was proposed for the first time twenty years ago by Huang et al.
[76] and it has been using in different and multidisciplinary contexts. However,
only recently it was applied to GRB light curves study, in that timing studies are
considered a powerful tool to understand the emission mechanism regulating of the
prompt emission of the GRB and its variability, given the lack of direct observations
of the inner engine.

The Fourier spectral analysis has been a generally adopted technique for examining
the energy-frequency distributions for many years, however its application are
restricted to those cases when the time series is stationary and linear, which is
not the case for GRBs [36]; thus, the Hilbert-Huang transformation is a powerful
alternative in the context of GRBs.

The HHT consists of two parts:

1. The signal decomposition in its individual oscillatory modes, also called Em-
pirical Mode Decomposition (EMD);

2. The spectral analysis through a method that applies the Hilbert transform,
also called the Hilbert Spectral Analysis (HSA).

5.1 Empirical Mode Decomposition

The EMD, in contrast to most of the earlier methods, works in temporal space
directly rather than in the corresponding frequency space. It consists in the signal
decomposition within the individual modes embedded in the data, as it is assumed
that any data consists of different simple intrinsic modes of oscillation. Each
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component is defined as an Intrinsic Mode Function (IMF), which are required to
satisfy the following conditions:

e In the whole data set, the number of extrema and the number of zero crossings
must either be equal or differ at most by one;

o At any data point, the mean value of the envelope defined by the local maxima
and the one defined by the local minima is zero.

With this definition it is thus possible to decompose any function through a sifting
process, generating a certain number of IMFs, starting from the highest frequency
component embedded in the original signal up to the lowest frequency one. The
sifting process is defined by the following steps:

1. Compute a mean envelope m1(t) of the signal s(t);
2. Consider the residue hy(t) = s(t) — mq(t);

3. If hi(t) respects the IMF characteristics, it is an IMF; else, treat hj(t) (with
its extrema) as a new signal to obtain hj () in the same way just described;

4. Continue the process as long as hi ;(t) = hi px—1(t) — mq x(t) is found to be an
IMF. When the first IMF is found, denote it by c;(t).

5. Set r1(t) = s(t) — c1(t) and repeat the sifting procedure on 71 (t).

An illustration of this process is shown in Figure [5.1. However, the sifting process
should be applied with care. To guarantee that the IMF components retain enough
physical sense, the stop criterion for the sifting process and boundary conditions play
a very important role [76] [123]. This topic will be better discussed in the following
Sections.

5.2 Hilbert Spectral Analysis

After applying the EMD, the Hilbert transform is applied to each IMF to construct
the energy-frequency-time distribution, the so-called Hilbert spectrum, where the
time localities of events are preserved. In other words, instantaneous frequency and
energy are provided rather than the global frequency and energy as defined by the
Fourier spectral analysis. Indeed, IMFs represent a generalized Fourier expansion
with variable amplitude and frequency.
Consider an analytic signal and its decomposition into a real and an imaginary
components:

xo(t) = x(t) + i2(t), (5.1)

where z(t) is the real part, while the imaginary part #(¢) is the Hilbert transform,
which can be also expressed as:

Zo(t) = a(t)e?®), (5.2)
in which the instantaneous amplitude

alt) = \J22(t) + 22(t), (5.3)
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Figure 5.1. Tllustration of the sifting process. First panel (a): original data; second panel
(b): the data in thin solid line, with the upper and lower envelopes in dot-dashed lines
and the mean in thick solid line; third panel (c): the difference between the data and m;.
This is still not an IMF, because there are negative local maxima and positive minima
suggesting riding waves. Figure from [76].

and the instantaneous phase

(t)
0(t) = arctan 5.4
(¥ (50): (54)
appear. From these quantities it is possible to calculate the instantaneous frequency

in the following way:
1d

5= 70(0)- (5.5)

Vinst =
The amplitude in Equation and the instantaneous frequency in Equation
can be represented as a function of time in a three dimensional plot in which the

amplitude can be contoured on the frequency-time plane, obtaining the Hilbert
spectrum.

The combination of the EMD method and the associated Hilbert spectral anal-
ysis could offer a powerful method for non linear and non stationary data analysis;
thus, the idea of this work is to apply the method to GRB 110918A as well as to
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the simulated GRB light curve in order to characterize the observed GRBs based on
the results of this analysis.

5.3 HHT application

The application of the Hilbert-Huang transform has been possible through the
Python module PyHH which implements the steps explained before to decompose
the signal in several IMFs.

As anticipated in Section the choice of stopping criteria and boundary conditions
is particularly relevant in the context of the application of EMD, in that:

e Sifting too many steps may lead to loss of amplitude variation and physical
meaning of the IMF;

e The influence of the ends might propagate into the data range of the low
frequency component (which is the most interesting one because it is expected
that the prompt emission is mainly described by the low frequency IMFs [37]).

Stopping criterion

The stopping criteria used in PyHHT is derived from the so-called Amplitude ratio
stop criteria [108], instead of condition introduced by Huang [76], in which a standard
deviation (SD) from two consecutive results in the sifting process is evaluated and
the sifting process is stopped when SD is smaller than a predetermined value (usually
0.2-0.3). On the other hand, the Amplitude ratio stop criteria represents an improved
implementation of the EMD [123] compared to the use of the SD. Its application
involves the following steps:

1. Find the upper envelope U(t) and lower envelope L(t) of the signal;
2. Introduce the mode amplitude a(t) = [U(t) — L(t)]/2;

3. Calculate the evaluation function o(t) = |m(t)/a(t)|, where m(t) is the mean
envelope;

4. The sifting is stopped when o(t) < 6; for some prescribed fraction (1 — «)
of the total duration and o(t) < 6, for the remaining fraction. Therefore, if
the amplitude of the mean envelope is relatively small compared with the
amplitude of the corresponding IMF at all data points, then the sifting process
is stopped.

In the PyHHT module the typical values for this stopping criterion used are: o = 0.05,
01 = 0.05 and 6y = 106; [123]. Furthermore, the idea of the amplitude ratio stop
criteria are implemented through the B-spline algorithm, which evaluates the mean
envelope without evaluating U (¢) and L(t), producing similar results to those obtained
calculating them [45].

Tutorial avalaible in https://pyhht.readthedocs.io/en/latest/tutorials.html,
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Boundary conditions

The boundary conditions are particularly important too; if a wrong prediction is
made at the first IMF, the whole signal will be decomposed incorrectly and the EMD
will be not correct as well. So it is essential to choose a proper boundary extension of
the signal at every step. Due to the finite length of the signal, before using B-splines
to find the mean envelope, the extrema have to be extended. The general method,
used in the PyHHT package, consists into the addition of the extrema by mirror
symmetry with respect to the end points or with respect to the extrema which are
closest to the end points.

5.3.1 EMD stability

In order to draw consistent conclusions on the signal mode content with the HHT,
in particular with the stopping criterion and boundary conditions as previously
introduced and implemented through in the PyHHT code, its stability with respect
to different transformations has been investigated, namely:

e Translation: the light curve is shifted along the temporal axis. As a conse-
quence, it results that the IMFs are only shifted (Figure ;

e Addition of a constant factor: the light curve is shifted up by a constant
factor. The results are stable, , since the transformation only appears, as
expected, in the residue (Figure [5.4);

o Addition of random fluctuations: random fluctuations are added to the
signal, resulting into major variations of the EMD obtained.

The latter transformation is the only one producing relevant modifications to the
EMD. It was obtained considering for each temporal interval that constitutes the
signal random fluctuations overlaid to the real signal cgps, according to:

Crandom = Cobs + v/Cobs * T, (56)

where z is a random number from a normal distribution G(u, o) with mean p and
standard deviation o, extracted for each temporal bin. Two cases have been analyzed:
oc=1and ¢ = 0.1, with 4 = 0 anyhow. As a consequence of this procedure, the
initial signal is polluted by random fluctuations which are allowed to vary within
one standard deviation. Formally, the whole signal is allowed either to over-fluctuate
or under-fluctuate by at most one statistical deviance. The EMD technique is
later applied to the realization consisting of the original signal and the random
fluctuation. The procedure is then repeated several times in order to investigate
different amplitude of the fluctuations. An example for the results obtained in the
case of G(0,1) is shown in Figure it is clear that only the first IMFs are similar
to each other, while the most relevant ones appear to be the most unstable. Even
if smaller fluctuations are considered, extracting = in Equation @ by G(0,0.1),
instabilities are present (see Figure . In addition, to this first problem, it can be
noted that the number of extracted IMFs in the two cases is different and that the
residue (the last IMF) is not only a trend (a monotonic function from which no more
IMF can be extracted), as expected [76], but it still shows an oscillatory behavior.
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Clearly, the application of the Empirical Mode Decomposition as implemented in
the PyHHT package presents some issues, which require further investigation. For
instance, in the following, a different strategy is implemented in the boundary
condition setting.

Ratio Boundary Extension

Given the strong influence of boundary conditions on the EMD results, the PyHHT
code has been changed to implement new boundary conditions following the so-called
Ratio Boundary Extension [123]:

1. Find the locations of the last three maximum points of the signal, 7_3, 7_2
and 7_1.

2. Calculate the ratio of the distance between the last three maximum points,
Tmax = (T—l - 7_—2)/(7——2 - T—S)-

3. Find the locations of the last three minimum points of the signal, n_3, n_o
and 7_1.

4. Calculate the ratio of the distance between the last three minimum points,
Tmin = (7-1 — 17-2)/(n-2 — 1-3).

5. Calculate the mean ratio r = (rmax + Tmin)/2-

6. Find the location of the first extended maximum 7, such that r = (7 —
7_1)/(7—1 — T—2), and the location of the first extended minimum 7, such that

r=(m—=mn-1)/(n-1 —n-2)

7. Quadratic interpolation on the last three maxima and on the last three minima
of the given signal.

8. Calculate the first extended maximum and minimum using the quadratic
function.

The same idea is then applied to estimate the location and values of the second
extended maximum points and two extended minimum points.

The difference between the mirror symmetry extension and the ratio extension is
shown in Figure [5.2: by using a symmetric extension the data do not give the
proper prediction of he original signal, unlike the ratio extension, which should be
advantageous. In Figures and the results of the EMD on GRB 110918A
obtained with the original B-spline method and with the modified one are shown,
respectively. The latter produces a residue which is no more oscillating as in the
former case. The Hilbert spectrum of each IMF obtained after the EMD application
with the ratio boundary extension is also shown (Figure . However, repeating the
procedure described above with the new boundary conditions, the issue concerning
the method instability towards transformations that include random fluctuations is
still present. Indeed, Figure shows an example with random fluctuations extracted
from a normal distribution with standard deviation o = 1 and the corresponding
EMD, where the Ratio Boundary Extension was applied. The differences between
the IMFs appear especially in the initial part, in correspondence of the dominant
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peak in the light curve. One can therefore suppose that the EMD can only be

applied to signals where the peak heights are not that different but further studies
would be needed to draw more precise conclusions.

0 200 «©0 60 800 0N 1200 140 100 18X 15

0 200 400 600 800 1000 1200 1400 1600 1800

(a) (b)

(c) (d)

Figure 5.2. Figures (a) and (b): Frequency modulated signal. The circles denote the
extended extrema with in (a) the mirror simmetry extension and in (b) the ratio extension.
Figures (c) and (d): Signal with one sinusoid and one straight line residue. The circles
denote the extended extrema with in (c) the mirror simmetry extension and in (d) the
ratio extension. Figures from [123].
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Figure 5.3. Figure (a): Observed Konus-WIND light curve of GRB 110918A (in blue) and
original light curve shifted by 10 s (in red) and 20 s (in orange). Figure (b): Empirical
Mode Decomposition results. Figure (¢): same as Figure (b), with all the IMF shifted
to the left in order for them to start all from t=0 s.
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Figure 5.4. Figure (a): Konus-WIND light curve of GRB 110918A (in blue) and original
light curve with the addition of 100 counts/s (red). Figure (b): Empirical Mode
Decomposition results.
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Figure 5.5. Figure (a): Observed Konus-WIND light curve signal cops of GRB 110918A (in
red) and signal with random fluctuations ¢yandom (in orange), calculated as in Equation
-by ). Figure (b): Difference between cops and ¢random- Figure (¢): Empirical
Model Decomposmon applied on ¢ops (in red) and on ¢rangom (in orange).
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Figure 5.6. Figure (a): Observed Konus-WIND light curve signal cops of GRB 110918A (in
red) and signal with random fluctuations c¢;andom (in orange), calculated as in Equation
by G(0,0.1). Figure (b): Difference between cobs and ¢random- Figure (c): Empirical
Model Decomposition applied on ¢ops (in red) and on ¢rangom (in orange).
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Figure 5.7. Figure (a): Empirical Mode Decomposition on Konus-WIND light curve
of GRB 110918A with the original B-spline method. Figure (b): Empirical Mode
Decomposition on Konus-WIND light curve of GRB 110918A with the modified B-spline
method with ratio boundary extension.
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Figure 5.8. Hilbert-Huang transform application on the Konus-WIND light curve of
GRB 110918A, by using the ratio boundary extension in the EMD. From Figure (a) to
Figure (d): first, second, third and fourth IMF. In each Figure, first panel: the signal
of the IMF (in blue) and its amplitude (in red) from Equation second panel: the
instantaneous frequency from Equation as a function of time; third panel: Hilbert
spectrum (instantaneous frequency as a function of time with the amplitude expressed as
a 3D-dimension). The values used for the coloured bar go from the minimum amplitude
to the maximum one between the values obtained for all the IMFs.
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Figure 5.9. Figure (a): Observed Konus-WIND light curve signal cops of GRB 110918A (in
red) and signal with random fluctuations ¢;andom (in orange), calculated as in Equation
by G(0,1). Figure (b): Difference between cobs and ¢random. Figure (c¢): Empirical
Model Decomposition (with the Ratio Boundary Extension) applied on cops (in red) and
ONl Crandom (in orange).
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5.3.2 EMD on simulated light curve

As previously anticipated, the initial idea was to compare results of the EMD
applied on the observed GRB light curve and on the simulated one through the
NeuCosmA code. Then, after applying such decomposition on GRB 110918A, the
same procedure has been used for the simulated light curve. See Section {4 for its
characteristics and for the procedure with which it has been obtained.

aaaaaa

(a) (b)

Figure 5.10. Figure (a): Empirical Mode Decomposition on the simulated GRB light
curve with the original B-spline method. Figure (b): Empirical Mode Decomposition on
the simulated GRB light curve with the modified B-spline method with ratio boundary
extension.

Figure [5.10 shows that both by using the mirror symmetry extension and the ratio
extension, it has been not possible to reproduce the same number of IMFs in Figure
[5.7 for comparing simulated and observed light curve. Even applying of the EMD
with the ratio boundary extension, only one IMF has been extracted and this seems
to be an artificial result.
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Chapter 6

High-energy neutrino flux
prediction for GRB 110918A in
a multi-collision zone model

In this Chapter the neutrino flux obtained from the simulated GRB light curve with
the NeuCosmA code is presented, in order to provide an estimate of the energy
released into neutrinos from GRB 110918A in the context of a multi-collision model
(see Section [4.4 for the difference with the one-zone approach) and of the number
of events potentially observable by the ANTARES neutrino telescope (presented in
Chapter [3).

6.1 Previous results in the one-collision zone model

GRB 110918A has already been targeted for neutrino studies by the ANTARES
Collaboration [20]. This source, in fact, was considered a very promising candidate
for a neutrino search with the ANTARES detector given its proximity in redshift
and its position at the trigger time (for more details see Section , namely its
location at 6, ~ 92° implied that neutrinos had to travel up to the detector crossing
the Earth quite horizontally, so that a negligible effect is expected to be connected
with to the Earth-absorption (see Section [3.3.2). A search for muon neutrinos
in spatial and temporal coincidence with the prompt emission of GRB 110918A
was hence performed using the data of ANTARES neutrino telescope [20]. Two
different analyses were considered, one optimized for the neutrino energies involved
in the IS scenario and the other for those of the PH scenario (see Section [2.3.1). In
both cases, no neutrino events have been observed in coincidence with the GRB.
Therefore, a 90% confidence level (C.L.) upper limit on the expected muon energy
neutrino flux Eguqb,,# was derived. The expected muon neutrino spectrum was
evaluated by means of the standard one-zone collision NeuCosmA code using the
set of measured gamma-ray parameters, namely the -ray fluence F,, the low- and
high-energy spectral index o and 3, the peak energy of a Band spectrum FE,, the
redshift z and the variability time t, (see Chapter . For the remaining GRB
parameters, which mainly concern the mechanism through which the jet kinetic
energy is converted into internal energy and that cannot be directly inferred from
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Figure 6.1. Expected v, + v, fluences (solid lines) for four bright GRBs (GRB 080916C,
GRB 130505A, GRB 130427A, GRB 110918A) in the IS model prediction (NeuCosmA
code) and ANTARES 90% C.L. upper limits on the GRBs, in the energy band where
the 90% of the signal is expected to be detected by ANTARES. Results relative to the
GRB 110918A, object of this analysis, are indicated in green. Figure from [20].

measurements, "standard values" widely accepted have been assumed. The expected
neutrino flux for GRB 110918A and the 90% C.L. upper limit calculated by the
ANTARES Collaboration are indicated in Figure [6.1] as a green solid and dashed
line, respectively [20]. Assuming the expected signal flux from the NeuCosmA model
and taking into account the data taking conditions and the detector response during
the GRB episode, the number of expected signal ps from GRB 110918A in the
ANTARES neutrino telescope was calculated too, through a standard Monte Carlo
simulation, obtaining ps = 1.3 x 1072,

Starting from these results, in this work new estimates of the neutrino expected
flux as well as of the number of signal in ANTARES will be provided: both are
expected to be more realistic than previous evaluations because of the introduction
of multi-zone approach.

6.2 Results in the multi-collision zone model

As introduced in Chapter 4, the NeuCosmA code simulates the evolution of the
GRB jet in the internal shock scenario of the fireball model, by keeping track of all
relativistic plasma shells that propagate in it, of the collisions between shells, and
of the gamma rays, protons and neutrinos emitted at the shocks produced during
the collisions. Unlike traditional one-zone model that extrapolates the behavior of
the whole burst from a single representative collision, this multi-zone simulation
considers many such collisions, each of which is realized under different physical
conditions.
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6.2.1 Neutrino, gamma-ray and UHECR productionﬂ

NeuCosmA considers the possibility that GRBs contribute to the UHECR, flux
observed as dominant sources. Consequently, particle escape from the acceleration
site is investigated, providing hints for the way in which this process influeces the
production of neutrinos [28]. Indeed, UHECRs are emitted via two mechanisms:
either py interaction transform protons into neutrons which freely escape the merged
shell, and later beta-decay back into protons [97], or protons directly leak out of the
shell without interacting. The latter situation happens when the proton Larmor
radius exceeds the shell width, as it is most likely at the highest energies [2§].
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Figure 6.2. Simulated gamma-rays and neutrino light curves, in Figure (a) and Figure (b)
respectively, through the NeuCosmA code, within the multi-collision zone model, for the
GRB under exam.

A novel aspect of the multi-collision NeuCosmA simulation is the fact that, by
recording the production site of gamma rays and neutrinos, it is also possible to de-
rive a light curve for neutrino emissions from the source. Even though the detection
of such a light curve is far from the reach of current neutrino telescopes, it appears
extremely interesting to investigate its shape, and compare it to the electromagnetic
counterpart. In fact, this encloses the information on the source region where
neutrinos are produced. In Figure the neutrino light curve for collisions beyond
the photosphere, compared to the relative gamma-rays light curve, is shown. This
light curve shows a smooth trend, which averages out the variability present in the
corresponding gamma-ray light curve. Neutrinos are produced mainly in the first
burst, within the first ~ 3 s of duration of the GRB. Their production is associated
with an optically thick collision (namely the first collision beyond the photosphere),
in which the dominant UHECR component is neutron escape (Figure . The
subsequent collisions, in which instead the dominant component is direct proton
escape, are characterized by very low values of optical depth 7,,. However, there are
too few optically thick collisions, which means that, except for the first seconds, a

1The plots presented in this Section have been reproduced for the simulated GRB light curve
yielding the best y?-test result (with respect to the observed light curve) among all the 500
simulations, i.e. x?/v = 660.
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Figure 6.4. Energy F (left) and fraction of the total energy (right) as a function of collision
radius Rc in neutrinos (green), UHECR protons with E, > 1019 GeV (blue), and gamma
rays (orange). The approximate photospheric and circumburst radius are marked.

very low neutrino flux is expected to be produced. This results is in agreement with
previous estimates where the neutrino production associated to neutron escape was
found to be higher than that associated to direct proton escape [97]. Furthermore,
from Figure [6.4] it is clear that neutrinos predominantly come mainly from regions
close to the center while UHECR protons come mainly from intermediate regions
[43]. The fraction of the total energy emitted as gamma-rays E;Sgot, as protons E59.
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and as neutrinos Ej3 is the 68%, 22% and 10%, respectively.

6.2.2 Neutrino flux estimation

For the first time, a multi-collision neutrino flux prediction for a real GRB is
presented. The neutrino Spectral Energy Density (SED) E2 qﬁyua allows to easily
appreciate any spectral deviation from the simple power law E_ . The simulated
neutrino flux does not contain contributions from sub- photospherlc collisions, then
it comes from beyond the photosphere, like the observed gamma rays. Such flux is
compared, in Figure both with the expected v, 4+ v, fluence for GRB 110918A
estimated with the one-zone prediction in [20] and with a new one-zone estimate.
Indeed, the novel release of NeuCosmA also performs a classical one-zone simulation
using as input parameters average values over their interval of variability, as derived
through the multi-zone simulation. Results obtained as average over 500 simulations
are presented. The expected neutrino fluence is normalized to the known value
of the isotropic equivalent Eis, = (2.1 4 0.1) x 10%* erg [57] for GRB 1109184, in
order to reproduce the correct energetic conditions of this burst. The flux calculated
with the multi-zone model appears lower than with the one-zone model, as expected
from previous evaluations [57]. This happens because in the one-zone simulation all
shells are assumed to have the same collisions radius and averaged values are used,
overestimating the flux [43].

6.2.3 Expected neutrino signal in ANTARES

The number of expected muon neutrino signals in the ANTARES neutrino telescope
(described in Chapter [3), can be calculated as:

e = / dE,, Aoy, (6.1)

where A is the time-averaged effective area for neutrinos of the detector, E,, is
the muon neutrino energy and ¢,, represents the expected v, + v, fluence. The
effective area changes with the declination band, since the detection capability of
the instruments depends on the position of sources in the sky. For the specific
declination area of the GRB 110918A (~- 27°) [57], the time-averaged effective area
of the ANTARES neutrino telescope in the declination band -45° < § < 0 ° was
considered: it is shown as a function of the neutrino energy E,, in Figure The
integrand function in Equation [6.1, namely the product among the effective area
and the neutrino fluence is the so-called parent energy distribution, and is illustrated
as a function of the neutrino energy itself in Figure The obtained signal event
numbers are collected in Table representing an average value calculated after 500
neutrino flux prediction from the NeuCosmA model. With respect to the previous
one-zone model predictions (us = 1.3 x 1072) [20], a smaller value is derived here:
this is connected with the fact that the novel modeling accounts for the whole
inner engine behavior, as dictated by the emitted light curve, and simplifies such

2Neutrino flux calculations are insensitive to the beaming effect caused by a narrow opening
angle of the jet as all formulae contain the isotropic luminosity in conjunction with a 47 shell
geometry, i.e. effectively use luminosity per steradian.
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Figure 6.5. Expected v, + v, fluence for the GRB 110918A. Green solid line: former
one-zone prediction, extracted from the gamma-ray spectrum [20]. Dashed black lines:
one-zone prediction obtained from 500 complete light curve simulations performed using
the NeuCosmA code. Dashed orange lines: multi-zone prediction obtained from 500
complete light curve simulations performed using the NeuCosmA code.

a description within a unique collision. The expected number of events is further
reduced when accounting for the complete simulation chain of shell collisions: this
result is well consistent with former predictions realized in the context of multi-zone

collision models [57].
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Figure 6.6. Effective area for neutrinos detection in ANTARES neutrino telescope as
a function of the neutrino energy for the specific declination band of GRB 110918A,
-45° < § < 0 °, optimized with the analysis cuts of the former analysis [20].
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for the GRB 110918A as a function of the neutrino energy E,,. The area under the
curve represents the number of neutrinos expected to be detected in the band energy
[102-108] GeV.
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Multi-zone  One-zone
s 6.1x107%1 2.8 x 1073

Table 6.1. Expected number of signal events p, in the context of multi- and one-zone
collision models, as predicted from the NeuCosmA model, taking into account the
effective area of the ANTARES neutrino telescope.
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Chapter 7

Summary and Conclusions

This work is focused on Gamma-Ray Bursts (GRBs), the most luminous objects in
the Universe representing highly beamed sources of gamma rays and perhaps also
of high energy neutrinos and cosmic rays. In the internal shock scenario, blobs of
plasma emitted from a central engine are believed to collide within a relativistic jet
and form shocks, responsible for the particle acceleration. Among all the possible
astrophysical sources, GRBs, being transient and extremely energetic explosions,
offer one of the most promising perspectives for the detection of cosmic neutrinos
thanks to the almost background free search. Searching a temporal and spatial
coincidence among the GRB prompt emission and high-energy neutrinos, using
neutrino telescopes, is crucial to provide information about the acceleration mech-
anism in GRBs. Within relativistic outflows of material expelled from a central
engine, electrons are thought to be accelerated in internal shocks, which serves to
explain the gamma radiation that is observed at Earth. If protons are simultaneously
accelerated in these outflows, their interactions with the local photon field would
give rise to a flux of neutrinos that would accompany the electromagnetic signal.
However, the detection of neutrino events would allow to identify these sources as
hadronic accelerators and as candidates for UHECRs. Over the years, the IceCube
and ANTARES Collaborations have been searching for neutrino signals coincident
with GRBs in time and direction, which however have not been observed until now.
Progressively deeper non-detection upper limits have been placed though current
limits do not yet provide significant constraints on the validity of the internal shock
model.

In this work the study of GRB 110918A is presented. It is the brightest long
GRB detected by Konus-WIND (KW) during its observation years and the most
luminous one observed until now: the high energy fluence measured by KW,
F, =75 x 10~% erg cm™2, implies a huge isotropic equivalent energy released
in the source frame, Eis, = (2.1 +0.1) x 10° erg. By using the NeuCosmA code,
which simulates collisions at different radii in a GRB jet considering an evolving
system of plasma shells with a distribution of Lorentz factors, masses and widths, a
synthetic GRB light curve reproducing that of GRB 110918A has been constructed.
After choosing several input parameters, radius and Lorentz factor distributions,
500 simulations have been performed and the averaged light curve has been com-
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puted (x?/v ~ 819). The variability time ¢, = 0.220 4 0.008, the burst duration
Too = 17.136 £ 0.003 and the collisions number N.,; = 78 £+ 3 for the averaged
simulated light curve are consistent with the known quantities for the GRB 110918A:
ty = 0.25, Tog = 19.6 £ 0.1 and Ny ~ 79. Through these simulations, the num-
ber of observed pulses (which has been shown to be 5) is much smaller than the
number of ejected shells (110), hence the inner engine results more variable than
the observed light curve. The influence of input parameters on the synthetic light
curves has also been investigated. These results could provide help to adjust the
input parameters in the NeuCosmA code. They also help understanding how the
characteristic parameters of GRBs influence the light curves that are observed and,
therefore, how the central engine of these astrophysical objects could work.

Furthermore, an innovative and recent method to study GRB light curves in terms
of timing studies, which are considered powerful tools to understand the emission
mechanism regulating the prompt emission of the GRB and its variability (given
the lack of direct observations of the inner engine), has been investigated: the
Hilbert-Huang transformation (HHT). Such method works in temporal space di-
rectly rather than in the corresponding frequency space and consists in the signal
decomposition within the individual modes embedded in the data (Empirical Mode
Decomposition, EMD) and in a following spectral analysis that allows to construct
the energy-frequency-time distribution for each recognized mode in the data (Hilbert
spectral analysis, HSA). The stability of this method has been investigated: while
translation and addition of a constant factor do not influence results, the addition
of random fluctuations produces relevant modification to the EMD. The major
instabilities appear in correspondence of the dominant peak in the light curve. One
can therefore suppose that the EMD can only be applied to signals where the
peak heights are not that different as in GRB 110918A. For these reasons, it was
not possible to draw conclusions on the central engine behavior of GRB 110918A
by comparing the results of HHT obtained on the simulated and observed light curve.

The neutrino, gamma-ray and UHECR production in GRB 110918A is also in-
vestigated, through the simulation results of NeuCosmA. The shape of the neutrino
light curve shows a smooth trend, which averages out the variability present in the
corresponding gamma-ray one. Neutrinos are, in fact, produced mainly in the initial
collision, within the first ~ 3 s of duration of the GRB. Therefore, neutrinos appear
to predominantly come mainly from regions close to the center, while UHECR
protons come mainly from intermediate regions. Finally, in this work the first
multi-collision neutrino flux estimate for a real GRB is presented. Assuming the
flux evaluated through the simulation reproducing the GRB light curve and taking
into account the data taking conditions and the detector response during the GRB
episode, the number of expected signal in the ANTARES neutrino telescope from
GRB 110918A was calculated: ps = 6.1 x 10~%. This value is smaller than the one
previously calculated by the ANTARES Collaboration according to the one-zone
approach (us = 1.3 x 1072). This is connected with the fact that the novel modeling
accounts for the whole inner engine behavior, as dictated by the emitted light curve,
while the past calculations simplified such a description within a unique collision.
The limited expected event rate justifies the lack of spatial and temporal coincidence
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between neutrinos and GRB events until now. Further investigations will be possible
with the incoming generation of neutrino detectors, such as KM3NeT-ARCA and
IceCube-GEN2. In absence of an emerging signal in the coming years, limits from
the current and future neutrino detectors will increasingly constrain the contribution
of GRBs to the observed flux of UHECRs.
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Appendix A

Non-linearity and

non-stationarity study
GRB 110918A

A.1 Additional figures

Additional plots about the study of the non-linearity and non-stationarity study of
the GRB 110918A are shown. In each of the following plots in the upper left corner
the GRB 110918A light curve is shown, in the upper right corner the considered
interval of light curve and below the PDF evolution as a function of counts detected
by Konus-WIND. The considered time segment is shown in the upper right plot and
is indicated by different colors. The interval Az = [x,x + dz], which corresponds to
a certain number of bins within count values (x-axis), is also reported in the plot
below. The solid line, where present, shows the result of the Gaussian fit. If no line
is plotted, the PDF evolution is not fittable with a Gaussian fit, so the data represent
physical non-linear process. The way on which this study is done is described in

Section 4.2.11
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Appendix B

Li & Fenimore peak finding
algorithm (PFA)

Li & Fenimore [93] proposed the following simple algorithm to analyze the gamma-ray
burst temporal structures:

1. Fit the burst background using a linear function B(t) to the pre- and postburst
regions;

2. During the burst, every count bin that has more counts than the neighboring
bins in both sides is a candidate peak with count C), at time t,;

3. Search on both sides of each candidate peak for counts C7, at t1, and Co, at
t2, so that the conditions Cp, — C12 > Nyary/C) are satisfied, where Ny,, is the
threshold criterion for identifying the peaks (3 < Nyur < 5);

4. The search will stop either when both C7 and Cs are found, in which case C),
becomes a true peak, or when counts higher than C), (on either side of t,) are
encountered, in which case C), is not a true peak and is discarded. At this
point N peaks should have been identified.

5. Locate the minima between two successive peaks as wvalleys.

Application of PFA algorithm to GRB 110918A

The PFA algorithm has been applied on GRB 110918A algorithm writing a new
Python code, which simulates the steps just explained, to study distributions of its
pulses width ¢ and intervals between pulses At.

The background has been estimated including all Konus-WIND data (from Ty —0.512
s to Tp + 98.752s ) for a precise measurement and gives the following result (shown

in Figure :
B(t) = (—0.092 £ 0.007)x + (27.93 4+ 0.44). (B.1)

The intercept is very small, so it can be considered a constant background of ~ 28
counts/s.

After that, candidate peaks have been estimated and true peaks selected with the
choice of Ny,y = 3. Five true peaks C), at times ¢, have been found (Table . The
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minima between two successive C), have been considered as valleys, similar to what
was proposed by Li & Fenimore (see Figure .

—— Background linear fit
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Figure B.1. Background estimation on GRB 110918A. The background (green points) is

highlighted on the observed GRB 110918A light curve (black points). The red solid line
indicates the background linear fit.
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Figure B.2. Identification of valleys and true peaks on GRB 110918A light curve. The
background (green points) is highlighted on the observed GRB 110918A light curve
(black points). Blue points indicate candidate peaks, and red points the true ones.
Dashed vertical lines (in orange) indicate the so-called valleys.
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Cp tp
(counts/s) (s)
4312 £65  0.896

276 = 17 3.456
828 + 29 4.480
410 £ 20 14.912
768 =28  18.176

Table B.1. True peaks of GRB 110918A light curve founded with the PFA algorithm.

Calculation of observed pulses timings and widths
After the true peaks and valleys identification for GRB 110918A light curve, pulses
width 0t and temporal difference between two close peaks At values have been found:

o dt has been estimated through a Gaussian fit of each identified peak (light
curve zone with C) and between two successive valleys) as Full Width at
Half Mazimum (FWHM)E Thus, the following normal distribution has been

considered
(z—p)?

f(x) = Ae 27| (B.2)

where A is the amplitude, p is the mean of the distribution, and o is the
standard deviation. From Equation [B.2 it is possible to calculate:

6t = FWHM = 20v/21n 2. (B.3)

o At is the difference between the temporal values t,, of two close C,.

The results of Gaussian fits are shown in Figure and their best value parameters
are in Table 4.3, &t and At values, from which it has been possible to analyze
their distribution and establish how to do the GRB light curve simulation with the
NeuCosmA code (see Chapter [4), are in Table

!Parameter given by the distance between points on a curve at which the function reaches half
of its maximum value.
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Figure B.3. Gaussian fits on GRB 110918A peaks. The observed light curve is in black,
Gaussian fits are indicated with the colored solid line, and the horizontals black lines
are the FWHM obtained from Equation

A 7 o

(counts/s) (s) (s)
First peak 3050 £257 0.985+ 0.026 0.347 £ 0.026
Second peak 266 =5 3.440 £0.006 0.189 £+ 0.008
Third peak 558 + 34 4.686 +0.050  0.858 + 0.050
Fourth peak 341+ 7 15.178 £0.019 1.049 £0.019
Fifth peak 583 +22  19.012+£0.037 1.103 £ 0.035

Table B.2. Best value parameters from Gaussian fits applied on GRB 110918A peaks.



107

Appendix C

Light curve characterization
plot results

C.1 Additional figures

In this Appendix additional plots obtained by a systematic study done on parameters
variation (by changing one input value in the NeuCosmA code), beyond those already
present in Section [£.3.2] is presented. In these plots, the best fit curve for the data,
accounting for their errors too, is indicated by a solid line.
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Figure C.1. Height of peaks A, with 1 < k < 4, as a function of the initial number
of shells Nghenn- These plots are considered without errors to appreciate much better
differences between values.
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