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Abstract
Gamma-ray bursts (GRBs) are sporadic flashes of light observed primarily in
the gamma-ray band. Being the brightest explosions in the Universe since its
birth, they are at present also the furthest astronomical sources detected. Since
their serendipitous discovery in the late 1960s the study of GRBs has grown
into one of the most active fields in astrophysics with ramifications in many
other scientific areas.

Despite intense studies many of the basic questions about the nature of
GRBs remain unanswered. Long duration bursts are believed to be the re-
sult of ultra-relativistic outflows associated with the collapse of very massive
stars. The mechanisms responsible for the emission, the geometry of the emit-
ter, and the radiative processes involved are still a matter of research. Common
multi-pulse bursts display a spectral evolution as complex as their light curves.
However, it is unclear what produces the observed variability. The works pre-
sented in this thesis aim to build the necessary base to answer these open
questions.

A characterization of the spectral evolution is presented (based on time-
resolved spectral analysis) that provides insight into the underlying emission
processes and imposes severe constraints on current physical models (Paper I).

We report the results of a multi-variate analysis on a broad range of GRB
physical parameters covering temporal and spectral properties. Empirical rela-
tions were found that indicate a self-similar property in burst light curves and
a luminosity correlation with potential use as a distance indicator (Paper II).

Determining the relevant timescales of any astronomical phenomenon is
essential to understand its associated physical processes. Linear methods in
time-series analysis are powerful tools for the researcher that can provide in-
sight into the underlying dynamics of the studied systems. For the first time
these methods were used on GRB light curves correcting for cosmic time di-
lation effects which revealed two classes of variability. The possible origin of
these classes is discussed (Papers III & IV).
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1 Introduction

I Keep six honest serving-men:
(They taught me all I knew)

Their names are What and Where and When
And How and Why and Who.

The Elephant’s Child- R. Kipling

Gamma-ray bursts (GRBs) are sporadic flashes of light observed primarily
in the gamma-ray band. For a brief moment they completely outshine any
other source in the gamma-ray sky, including the Sun. In fact they are the
brightest explosions in the Universe and they are at present the most distant
astronomical sources detected. Nevertheless, as the Earth atmosphere absorbs
most of the high-energy gamma and X-ray radiation, it was not until the late
1960s with the launch of the first satellite missions with on-board gamma-
ray detectors that they were first discovered. For the same reason and ever
since, most significant steps in our understanding of this phenomenon have
sprung from new dedicated space missions with unprecedented capabilities.
Outstanding among them is the BATSE mission, since most of what we know
about the temporal and spectral properties of the GRB emission is based on its
observations. These kind of studies provide the necessary foundation for any
theoretical understanding and they are the core of this thesis work. But before
summarizing the results from the research papers presented here, we will first
review the evolution of our understanding of the GRB phenomenon since its
discovery, the determination of the basic general properties, and the tools that
made it possible.

1.1 Brief History
The discovery of the GRB phenomenon was somewhat accidental. During the
Cold War in 1963, the United States and the Soviet Union signed a treaty ban-
ning all nuclear tests in the atmosphere, underwater, and in space. To mon-
itor for any activity in violation of the agreement, the U.S. Department of
Defense launched theVelasatellites series with on-board all-sky gamma-ray
sensitive instruments, which allowed the first burst detections in 1967. From
the analysis of the light curves, they immediately realized that the signal did
not originate from a nuclear explosion. The latter would produce a very short
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microsecond “spike” followed by a monotonic decay, whereas the GRB light
curves did not show that typical initial signature and they faded after few sec-
onds presenting several distinctive peaks. After localization analysis based on
the signal arrival time to the different satellites they ruled out the Earth, the
Sun and other possible sources from the solar system. However, given the
military nature of the Vela mission, this important scientific discovery was not
published until a few years later (Klebesadel et al. 1973).

Not much development followed on the enigmatic origin of this astronom-
ical events for almost two decades. A coordinated interplanetary network in-
cluding a diverse set of space missions for different purposes (Venera 11 &
12, Pioneer Venus Orbiter, the afore mentioned Vela, etc) provided local-
izations for a few hundreds of bursts suggesting already in the mid 1980s
that the GRB distribution on the sky was fairly uniform and that bursts were
not repetitive events (Atteia et al. 1985). But it was not until the launch by
the National Aeronautics and Space Administration (NASA) of theCompton
Gamma-Ray Observatorydedicated mission (see § 1.2), which flew during the
period 1991–2000 carrying on-board the Burst and Transient Source Experi-
ment (BATSE) that major progress was made. Most of our basic knowledge
about GRB was established during the BATSE era, like the existence of two
subclasses (i.e., long/soft and short/hard bursts) which are believed to orig-
inate from different progenitors. It was also during this period that the first
GRB-supernova connections were made, suggesting that long bursts are asso-
ciated with the collapse of massive stars. BATSE detected on average a burst
per day and it provided a wealth of unprecedented data. This triggered an im-
pressive amount of research making the field one of the most active in astro-
physics, with well over 500 GRB related publications per year (Hurley 2003),
attracting scientists from many other research areas.

The next big step forward came in 1996 with the launch of the Italian-
Dutch satelliteBeppo-SAXwhich provided for the first time arc-min GRB
localizations, leading to the discovery of a fading emission towards lower en-
ergy bands, the so-called “afterglows”. Since then GRB related phenomena
are observed at many different energy bands and the initial phase of the event,
which is the main focus of this thesis work, is now often referred to specifi-
cally as the “prompt” gamma emission. Burst redshifts were first determined
thanks to the spectroscopic analysis of the optical afterglows and, in some
cases, of their associated host galaxies, proving thatlongbursts are at cosmo-
logical distances.

By the end of 2004 theSwiftmission was launched with the goal of mak-
ing accurate localizations and fast follow-ups (within 100 s), as suggested by
its name. With its gamma, X-ray, and optical capabilities it is revealing unan-
ticipated features in the very early evolution of the afterglows. Thanks to its
unprecedentedγ-ray sensibility it has allowed the determination of a record
braking 6.3 redshift and settle the cosmological nature of short bursts. At the
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time of writing, Swift observations are generating a new wave of advance in
the GRB field which might answer some of the questions posed in this thesis.

1.2 Instruments
The BATSE instrument that flew on-board theCompton Gamma-Ray Obser-
vatory(CGRO; Fishman et al. 1989) consisted of eight uncollimated detector
modules arranged on the corners of the satellite, giving full sky coverage. Each
identical module had two types of detectors: the Large Area Detector (LAD)
and the Spectroscopy Detector (SD). The former had a large collecting area
(2025 cm2) but it was relatively thin (1.75 cm) and was suited for spectral
continuum studies. The latter was much thicker (7.5 cm) and designed for the
search of spectral features (lines), although it had a smaller area (127 cm2).
They both operated using crystal scintillators and had good sensitivity in the
20–2000 keV energy range.

The interaction of gamma-ray radiation with matter occurs through three
competing mechanisms, i.e., photo-electric absorption, Compton scattering,
and pair creation, the latter only relevant above the rest-mass of electron-
positron pairs (1022 keV). Through these mechanisms the gamma-rays en-
tering the detectors material produce a large number of free electrons and
ions that eventually recombine. In semiconductor materials this will produce
an electronically measurable current. Another possibility is to measure in-
stead the photons emitted during the recombination using a translucent target
material that allows the photons to escape and then be collected by photo-
multiplier tubes (PMTs) placed behind the target. In BATSE NaI(Tl) crystals
were used, i.e., sodium iodine doped with small amounts of thallium, a heavy
metal that emits recombination photons in the optical band where PMTs are
more efficient. Detectors based on this indirect approach are not as sensitive
as the modern germanium semiconductors commonly used in nuclear physics
labs. Nevertheless, for space missions, they have the advantage of not requir-
ing very low temperature conditions for operation and that they are relatively
cheap to produce in very large sizes.

Large part of the success of the BATSE mission was due to the readily avail-
able high-level data products supplied by theCGROScience Support Center
(GROSSC) in its public archive. For the spectral studies presented here we
used primarily the high energy resolution (HER) background and burst data
types from the LADs having 128 energy channels summed from triggered de-
tectors and a time-resolution of multiples of 64 ms. For long and bright bursts
it is often the case that the recorded HER data are incomplete, however for
the bright cases we were able to use instead the Spectroscopy High Energy
Resolution Burst (SHERB) data obtained with the SDs. These detectors had
better energy resolution (256 energy channels) in the same energy band, but
given their smaller collecting area, the signal-to-noise ratio (S/N) is often too
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low for time resolved spectral analysis. If that were the case, we used alterna-
tively the Medium Energy Resolution (MER) data that consist of 16-channel
spectra.

For the temporal analysis we used mainly the so-called concatenated 64 ms
burst data, which is a concatenation of the three standard BATSE data types
DISCLA, PREB, and DISCSC. All three data types have four energy channels
(approximately 25–55, 55–110, 110–320, and> 320keV). The DISCLA data
is a continuous stream of 1.024 s and the PREB data covers the 2.048 s prior
to the trigger time at 64 ms resolution. Obtained from the 8 LADs, both types
are important for an adequate background estimation.

Also relevant for this thesis work (Paper IV) is the GRB catalog of the
Beppo-SAXsatellite that operated between the years 1996–2002 (Frontera et
al. 1997). It had broad energy band capabilities thanks to the combined oper-
ation of several instruments. The Gamma Ray Burst Monitor (GRBM), cov-
ering the 40–700 keV energy range, providing high temporal resolution data,
and having a nearly all-sky view was actually the active shield of the Phoswich
Detection System, one of the six science instruments on-board. The design of
the former was foreseeingly modified at a late stage of the project to improve
its GRB detection capabilities. It was made up of an array of four indepen-
dent CsI(Na) scintillation detectors, each with 1100 cm2 of collecting area
and 1 cm thick. Following a detection, the GRBM would provide an initial
estimate of the burst location and then the satellite would rotate to point one
of the two identical Wide Field Cameras (WFCs; Jager et al. 1997) in that
direction. These instruments operated in the 2–26 keV energy range comple-
menting the GRBM energy range. They were coded aperture cameras with
Multi-Wire Proportional Counter detectors having a field of view of 20◦. This
type of detectors are commonly filled with (mainly) the noble gas Xenon and
a system of wire grids is immersed in it acting as a high voltage anode. Since
the gas is easily ionized, the wires not only collect the secondary electrons
produced by the incoming X-rays, but also the ones that are liberated in the
avalanche process triggered as they move towards the anode, increasing the
sensibility. Capable of arc-min source localization, the refined position could
then be used for subsequent observation with the narrow-field instruments
on Beppo-SAXand for the rapid follow-up by ground telescopes (at the time
typically several hours later) which eventually led to the discovery of the af-
terglows, their fading counterparts at longer wavelengths.

Finally, we also made use (Papers III & IV) of burst data from NASA’sWind
satellite. Launched in 1994, the main purpose of this mission is to study the
solar wind, however it carries aboard the Russian Konus GRB omnidirectional
monitor (Aptekar et al. 1995). Its standard light curves cover the 50–200 keV
energy range with 64 ms temporal resolution. Despite the small collecting
area of its two scintillation crystals (200 cm2), it has detected a large number
of bursts and provides good localizations as part of the GRB interplanetary
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Figure 1.1: Sky positions of 2700 gamma-ray bursts detected by BATSE plotted in
galactic coordinates. The equal-area projection producesa uniform distribution in a
plane if bursts are isotropically distributed in the sky. Noconcentration of sources is
noticeable in the galactic plane.

network (IPN) coordinated effort, leading to afterglow identifications and red-
shift determinations which are essential for the studies presented here.

1.3 Spatial Distribution
The first indications that GRBs where at cosmological distances arose from
the study of the burst incoming directions. As seen in Figure 1.1, bursts appear
to have a uniform random distribution in the sky. No concentration of sources
exist in the galactic plane, ruling out a galactic scale distance. Detailed analy-
sis of the angular distribution considering differences in the sky exposure yield
negligible dipole and quadrapole moments, as well as for subsets selected by
brightness or duration. Another important cosmological indication was the
observed burst intensity distribution, typically using the maximum flux value
in a light curve. Following Euclidean geometry, a uniform radial distribution
of sources (centered at the observer) should produce a power-law distribu-
tion with (−3/2) exponent, however the observed GRB intensity distribution
deviates from this behavior showing a deficiency of low-intensity sources.
These observations led to two likely scenarios: either the density of sources
would decrease drastically beyond certain radius suggesting the existence of
a large halo around our galaxy or, as it has been established conclusively by
redshift determinations, the radial distribution extends over cosmological dis-
tances and the source distribution at low intensities can be explained in terms
of the expansion of the Universe. Another important conclusion from the an-
gular distribution analysis was that the number of bursts that appear to come
from the same direction within uncertainties were consistent with a random
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Figure 1.2: Sample of long GRB light curves from the BATSE catalog illustrating
their broad morphological diversity. They could be simple,having a few smooth
pulses (GRB 921207), or very complex showing multiple seemingly random dis-
tributed pulses (GRB 920627). Even simple cases may presenta mix of very different
timescales (GRB 910629). Some have long quiescent periods (GRB 910503), some-
times they showprecursors(GRB 991216, indicated with an arrow), and in some
cases the pulse heights seem to have an envelope (GRB 910814), although these are
not general features.

chance occurrence indicating that GRBs are not repetitive phenomena, at least
not during timescales in the order of a decade.

1.4 Temporal Properties
Determining the relevant timescales for any astronomical phenomenon is es-
sential to understand its underlying physical processes. Gamma-ray bursts are
non-repetitive short-term events. Consequently, the duration of the emission
in a given observational energy window has been the first timescale used to
characterized them. Since the total duration is difficult to determine due to
background emission, the most commonly used measure isT90, the time in-
terval within which 5% to 95% of the total number of counts (i.e., the count
fluence) has been detected.

The distribution ofT90 durations shows a clear bimodality and it can be
approximately described by two log-normal distributions that peak at' 0.2 s
and' 30 s respectively, with a local minimum between them at≈ 2 s. Since
long bursts are typically softer than short ones it was early suggested that
these were two separate physical classes. At present, reports comparing the
afterglows and host galaxies of each class support the idea of different pro-
genitors. Throughout this thesis we will restrict our discussions to the class of
long GRBs and unless stated otherwise this has to be assumed.

One of the most remarkable aspects of GRB light curves is their morpho-
logical diversity as illustrated in Figure 1.2. They show no temporal symmetry
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and only a few weak general trends that are common but not always present.
There may be simple as well as very complex light curves, and pulses ap-
pear to be the fundamental constituent of them. Some exhibit a single smooth
pulse structure (∼ 15%) but in most cases they appear to be the result of
a complex, seemingly random distribution of several pulses. In a few cases
(e.g., GRB 910424) pulse peaks seem to follow a decaying envelope. Bursts
may begin in different ways, with slow or fast risings (Stern 1999). Some-
times weakprecursorsare observed (e.g., GRB 910426; see also Koshut et al.
1995) and in some cases long quiescent periods occur (e.g., in GRB 910421;
see Nakar & Piran 2002), but these temporal features only appear in a small
though significant fraction of bursts.

The shape and distribution of pulses within a burst is still a matter of re-
search. Burst pulses are commonly described as having fast-rise exponential-
decay (FRED) shape, although the decay is not strictly exponential. Analysis
of pulse parameters using empirical models has shown broad log-normal dis-
tributions not only among different bursts, but also within a single burst (see,
e.g., Norris et al. 1996). Complex multi-pulse bursts show weak trends, e.g.,
a hard-to-soft overall evolution is frequently observed (Ford et al. 1995), they
show a hardness-intensity correlation when averaged over the whole duration
of the burst (Golenetskii et al. 1983), and for the majority of GRBs most of
the emission occurs at the beginning of the light curve (Paper II).

1.5 Spectral Properties
The observed photon spectra (NE) of GRBs show in general a continuous en-
ergy distribution without features (lines). The distribution seems unimodal in
the E2NE representation favored in high-energy astrophysical studies where
the peak of the spectrum indicates at what energy most of the power is emit-
ted. The non-thermal spectral shape is usually modelled using the empirical
function (Band et al. 1993)

NE(E) ∝

{

Eαe−E(α+2)/Epk if E ≤ Epk(α −β )/(α +2)

Eβ if E > Epk(α −β )/(α +2) ,
(1.1)

whereEpk is the peak energy,α andβ are the asymptotic power-law indices,
and proportionality constants are chosen to makeNE(E) both a continuous and
continuously differentiable function. A peak exists only whenβ < −2 < α.
In some bright cases an additional hard tail has been detected, extending up to
1 GeV energies.

Temporally resolvedinstantaneousspectra, gathered from over 150 bursts
(Preece et al. 2000), show a log-normal distribution of peak energies with ge-
ometric averagēEpk ≈ 200keV. Spectral index distributions also show a broad
range of values clustering at̄β ≈ −2.3 andᾱ ≈ −1. The range−2 < α < 0
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of the low-end index extends above the characteristic value−2/3 of single-
particle synchrotron emission indicating that at least this emission process
alone cannot explain the observed spectra.

One of the most important open questions in the GRB field is the underlying
emission mechanism. The question is directly linked to the geometry of the
emitting regions which remains also a matter of debate, and this is one of
the reasons it is important to complement spectral with temporal analysis in
this problem, since the latter can provide valuable clues and constraints on the
geometry, as shown in Section 1.6. One of the main motivations for the studies
presented in this thesis is to find clues that would lead us to an understanding
of the emission processes.

1.6 The Fireball Model
The observed GRBs have a nonthermal spectrum and they commonly extend
to energies well above 1 MeV, the pair production threshold. These facts, to-
gether with the observed rapid variability, imply that the emitting region must
be expanding relativistically.

Let us assume first that the GRB emitter is static. Knowing that the shortest
temporal variability observed in some bursts is about∆t ∼ 10 ms, based on
a simple argument this value allows us to estimate the size of the source, at
least in order of magnitude. If the source consist of many components varying
independently they will cancel out, not displaying large variations as GRBs
do, and therefore the emission should come from a causally connected region.
Furthermore if this region emits a flash of light of infinitesimal duration, the
difference in arrival time from different parts of the emitter will widen the
observed pulse and its width will be approximately the time it takes for the
light to cross the source. This implies that the source is compact with a size
R≤ c∆t ∼ 3000km.

For cosmological distances the observed fluence rangeF = 10−7–10−3 erg
cm−2 and the average time durationT90 ∼ 10 s imply typical isotropic equiv-
alent energiesEiso ∼ 1053 erg and luminositiesLγ ∼ 1052 erg s−1. In order
for the variability not to be smeared out by Thompson scattering of the pho-
tons on the free electrons in the plasma, the associated optical depth should be
τT . 1. Furthermore, if the photons have energies larger than 1 MeV, inter-
actions with lower energy photons may also occur to create electron-positron
pairs, in which case the corresponding optical depth should also beτγγ . 1.
However, it can be shown that none of the conditions is fulfilled, e.g., the
optical depth in the case of the latter process can be estimated to be

τγγ ∼
LγσT

Rmec3 ∼ 1012, (1.2)
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Figure 1.3: Schematic representation of an ultra-relativistic expanding uniform shell.
If the Lorentz factor isΓ À 1 the emission from the shell will be constrained, for
a rest-frame observer, within an angle≈ 1/Γ by the beaming relativistic effect, as
illustrated by the light cone drawn at pointA (dotted lines). For the observer a narrow
jet becomes indistinguishable from a full spherical shell as long as its opening angle
is larger than 1/Γ since regions beyond pointsA andC are invisible. While the light
emitted atB in the direction of the observer is blueshifted a factor 2Γ, the off-axis
emission will receive less Doppler boost, being only a factor Γ at the visible edges.
Therefore, because of the curvature, the observed off-axisemission will be softer and
will arrive later than the one from the central region of the shell.

whereσT is the Thompson cross section,me is the electron mass, andc is the
speed of light in vacuum. At such huge optical depths the spectrum should be
that of a blackbody with an equilibrium temperatureT ∼ 30 keV and it will
hardly emit any significant MeV radiation, which contradicts the observations.

For a spherically symmetric system like a star, the Eddington luminosity
LEdd is defined as

LEdd≡
4πGMmpc

σT
= 1.2×1038 M

M¯
erg s−1 , (1.3)

whereM is the source mass,M¯ the solar mass,mp the proton mass, andG is
the gravitational constant. It gives the luminosity at which radiation pressure
is balanced by gravity. Even for extremely massive stars the observed lumi-
nosities far exceed this limit. The system cannot be stable and it will expand
violently.

If now we assume that there is a relativistic expansion of the emitting re-
gion, relativistic corrections will lower the optical depths. Considering the
most constraining process, the Thompson electron scattering, the requirement
τT . 1 leads to Lorentz factorsΓ & 100(see, e.g., Ryde et al. 2006). The sce-
nario of a ultra-relativistic expanding “fireball” was derived from these simple
arguments (e.g., Paczynski 1986; Goodman 1986).
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In the case of the exceptionally bright GRB 990123, the isotropic equivalent
energy release exceeds1054 erg, which would imply the total conversion into
energy of one solar rest-mass. Even for the collapse of a very massive star this
would require a highly efficient mechanism of conversion that is beyond our
present knowledge (i.e., new physics would need to be invoked). The energy
budget problem worsens when we consider that most of the energy release is
expected to be first in the form of gravitational waves and then of neutrinos,
since the fireball early becomes transparent to them. The simplest solution to
the problem is to assume that the outflow is highly collimated. As illustrated
in Figure 1.3, a jet-like geometry is indistinguishable from the spherically
isotropic case, due to the relativistic aberration, as long as the jet opening
angleθjet > 1/Γ. This inequality leads to an important prediction, since the
outflow will eventually decelerate against the circumburst medium and a jet-
like outflow will show a steep achromatic decline in the light curves when the
condition is not longer fulfilled (Rhoads 1997). The achromatic breaks found
in many afterglow light curves is generally regarded as observational evidence
of this scenario.

1.7 Progenitor Candidates
In Section 1.6 we concluded, based on the observed temporal variability and
the photon escape condition, that GRBs are most likely produced by colli-
mated ultra-relativistic outflows with Lorentz factorsΓ & 100. The accretion
of matter onto a black hole (BH) in well-studied sources like quasars and
X-ray binaries often appears associated with the release of highly relativis-
tic jets in the direction of the rotation axis. Efficient theoretical mechanisms
are known that could channel into the jet either the gravitational binding en-
ergy of the accreted mass or the rotational energy of the BH. Following these
arguments, the collapse of massive stars and the merger of two compact ob-
jects into a BH have been considered progenitor candidates for cosmological
GRBs.

Mergers are now believed to produce the class of short duration bursts al-
though available evidence is indirect and not conclusive. On the other hand,
in recent years unambiguous associations between long GRBs and supernova
(SN) explosions have been made with the identification of SN signatures in
the afterglow spectra. In all cases the SN were of the unusual core-collapse
type Ic, where the hydrogen and helium envelopes have been expelled. From
the detection of pulsars in SN remnants we known that the stellar core often
collapses into a neutron star (NS). Theoretical arguments suggest that if a core
were massive enough a BH would form instead. For that to happen, the initial
stellar mass is estimated to be& 28 M¯ (e.g., Fryer & Kalogera 2001).

An important issue related to the nature of the long GRB progenitors is to
understand the mechanism that produces the observed variability in the light
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curves and their morphological diversity. Most proposed models can be cat-
egorized into two generic scenarios. In the internal shock model the source
emits a variable relativistic wind and the differences in relative velocity within
the wind eventually generate shocks where kinetic energy is converted into
radiation. The variability of the light curves would then be reflecting the ac-
tivity of the source. This imposes additional requirements to the progenitor
star since fast rotation may be needed to prolong the accretion process. In the
external shock model the light curve pulses are produced when the relativistic
outflow collides with “clumps” in the circumburst medium, which can vary in
size and number for each burst.
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2 Spectral and Temporal Studies

. . . sentí vértigo y lloré, porque mis ojos habían visto
ese objeto secreto y conjetural, cuyo nombre usurpan los hombres,

pero que ningún hombre ha mirado: el inconcebible universo.

El Aleph- J. L. Borges

Correlation studies have proved to be an invaluable tool in Astronomy. Be-
ing essentially an observational science, it relies heavily on this kind of analy-
sis to gain physical insight into the celestial phenomena. A classical example
of this would be the diagrams employed by Hertzsprung and Russell in stellar
studies. Using basically a log-log scatter plot of luminosity (L) vs. tempera-
ture (T) they found that certain stellar populations clustered in specific areas
of theL-T parameter space. What started as an empirical tool for stellar clas-
sification eventually became the key to understand the life cycle of the stars.
In the GRB study, many empirically discovered relations between observables
have been the subject of intense analysis. Although most of them are not yet
fully understood, they are considered important pieces of the jigsaw puzzle.
Obviously, depending on their physical nature they are expected to be relevant
in different ways as we will discuss below.

2.1 Spectral Evolution
As mentioned in Section 1.4, multi-pulse bursts display a spectral evolution as
complex as their light curves and with a few weak overall trends which are not
always present, precluding a general description valid for all cases. However,
analysis of single pulse bursts or individual pulses within a burst (usually re-
stricted to fairly well-separated long pulses) show that during the decay phase
two consistent correlations exist. When combined they can describe both the
temporal and spectral evolution (Ryde & Svensson 2002).

The hardness-fluence correlation (HFC) was discovered by Liang & Kar-
gatis (1996) who described it as being an exponential decay of the spectral
hardness (characterized byEpk) as a function of the integrated photon flux.
The exponential decay constant appeared to be invariant between pulses in
some bursts, which led the authors to suggest that the pulses are created by a
regenerative source rather than in a single catastrophic event. However, Crider
et al. (1998) dismissed the apparent invariance as coincidental and consistent
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with drawing values out of a narrow statistical distribution, combined with
rather large uncertainties in the determination of the exponential decay con-
stant.

The second correlation (which is the focus of Paper I) is the hardness-
intensity correlation (HIC). Golenetskii et al. (1983) found that, at different
times during the burst, the data points in the hardness-intensity phase space
are confined to an area from hard and bright to soft and dim, indicating an
overall trend of diminishing intensity with decreasing hardness (Epk). In an
analysis over individual pulses, Kargatis et al. (1994) found that during the
decayphase there was a pure HIC that they described, using equivalently the
flux (F), as being a power-law relationF ∝ Eγ

pk. Based on the analysis of a
large GRB sample, in Paper I we found that the average exponent isγ̄ ≈ 2
with a dispersionσγ ≈ 0.7.

An approach frequently used in GRB models is to identify each pulse in the
light curve with a single physical event. Depending on the chosen model this
event could be the collision between inhomogeneities in a relativistic wind
(i.e., the internal shock model) or the “activation” of a region on a single
external shell. To validate this reductionistic method, it is essential to find
common properties among pulses like the above mentioned correlations.

The identification of pulse structures themselves is in many cases
disputable. While a small percentage show very smooth shape, most
display apparent substructure as if they were the addition of many heavily
overlapping subpulses. So far, since no generic pulse shape has been
established (e.g., Li & Fenimore 1996; Norris et al. 1996), the methods used
depend on several assumptions or visual recognition. The observation of a
regular behavior over the temporal structures catalogued as single pulses
(ergo single physical events) reinforces the procedure. In Paper I we reversed
this argument in the analysis of a few seemingly single pulses that display
signs of substructure (ibid. Fig. 6). Since the power-law HIC behavior
exhibits a parallel displacement in the log-log representation (dubbedtrack
jumps) that coincide with the apparent substructure in the light curve, we then
argued that this is due to an overlapping weak secondary pulse.

2.2 Luminosity Indicators
An important class of GRB correlations is that involving some burst observ-
able and its luminosity. To derive the luminosity from the observed flux, one
needs to measure the redshiftz in order to estimate the luminosity distance
assuming some cosmological model. However, this depends on the uncertain
detection of the corresponding optical afterglow which has not been possible
in many cases, even after fast follow-ups (the so-calleddark afterglow). Even
when afterglows are observed the redshift determination may still depend on
finding the corresponding host galaxy. Luminosity indicators therefore would
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be valuable to estimate unknown redshifts, which are necessary to calculate
intrinsic physical parameters. Furthermore, it has been proposed that the lu-
minosity correlations could be used to estimate both the distance and the cos-
mological parameters, which are needed in the first place, employing recur-
sive methods (e.g., Schaefer 2003). The feasibility of these methods involving
several distance indicators is still a matter of debate. In any case, more low-
redshift determinations would be needed in order to have calibrations that are
less dependent on the cosmological parameter. Another motivation to findz
estimators is the wealth of data from thousands of GRBs for which the red-
shift is unknown, most of them detected by BATSE which for many years to
come will remain the most complete burst catalog.

In recent years, empirical relations have been discovered to estimate the
luminosity distance exclusively from the analysis of the prompt gamma emis-
sion. A dimensionless variability (V) parameter, calculated in the local frame
of the burst, was proposed by Reichart et al. (2001) as a “Cepheid-like” pa-
rameter that would correlate with the burst luminosity (L). As was first noted
by Stern et al. (1999), bursts with complex light curves tend to be intrinsically
brighter than the ones showing smooth pulses. TheV parameter is then used as
a measure of the high-frequency content or “spikyness” of the light curve. An-
other example is the time-lag (τlag) that was claimed to anti-correlate with the
luminosity by Norris et al. (2000). When comparing the timing of the pulses
in a burst light curve extracted at different energy bands, the pulses appear
delayed in time at lower energies. The time-lag is a measure of this effect.

Correlations involving some measure of the burst strength and a spectral
feature can be used to understand the energy production and the underlying
emission processes. Of particular interest is the correlation between the energy
fluenceF and the peak energyEpk of the integratedspectrum reported by
Lloyd et al. (2000) based on analysis of a large BATSE sample that they char-
acterized using the power-law relationEpk ∝ F 0.29. However, it is not straight
forward to evaluate the significance of this correlation. In the first place, what
would be more physically relevant is a relation that involves the “local” mea-
sures, i.e., the peak energyE′

pk (adopting hereafter the standard convention
where prime quantities are calculated at the rest-frame of the source) and the
isotropic equivalent emitted energyEiso, but in most cases the redshifts neces-
sary to estimate them are unknown. In addition, the correlation could poten-
tially be due to selection effects since the sample is biased against dim bursts.
Nevertheless, making assumptions about the unknown redshift distribution
(that they based on knowledge of the cosmological star formation rate) and
using special statistical methods developed to deal with truncated data, they
estimated that the intrinsic correlation had the functional formE′

pk ∝ Eiso
0.55.

Soon after this correlation was confirmed by Amati et al. (2002) that, using a
small sample ofBeppo-SAXGRBs with known redshifts, found a relationship

E′
pk ∝ Eiso

0.52 , (2.1)
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equal to that of Lloyd et al. (2000) considering the associated uncertainties.
An important development followed when Ghirlanda et al. (2004) reported
that the scatter around the Amati relation derived mainly from different values
of the break time (t ′b) as measured in the afterglow light curves. Interpreting
the observed achromatic break as due to a jet-like geometry, they derived the
opening angles and a collimation-corrected energy emissionE′

γ finding a tight

power-law correlationE′
pk ∝ E

′0.7
γ . It is worth mentioning also that despite

the broad range of more that 3 orders of magnitude in isotropic energies the
dispersion inE′

γ is about a decade, suggesting that GRBs are characterized by
a standard energy reservoir (Frail et al. 2001). Together with the luminosity
correlations mentioned above, the Ghirlanda relation has also been proposed
as a good distance indicator in many studies that attempt to use GRBs as
cosmological rulers (e.g., Firmani et al. 2005).

As was mentioned in Section 1.1, the determination of a GRB redshift de-
pends on a complex series of events and conditions that involves several in-
struments. Even nowadays whenSwift provides very good localizations and
fast afterglow follow-ups are done by robotic telescopes, the redshift is found
in less than 25% of the triggered bursts. Hence, it is a reasonable concern
that the sample of GRBs with known redshifts might be biased in ways that
are not yet well understood. For this reason it has been questioned whether
the above mentioned correlations, which were based on the limited sample of
GRBs with redshifts, have general validity.

On these grounds the Amati relation has been criticized by Nakar & Piran
(2005) that developed a simple test that they applied to a large sample of
bright BATSE bursts. Writing the Amati relation approximately asEiso ∝ E′2

pk,
and transforming the relation to observed quantities usingE′

pk = Epk(1+ z)
and the conversion of the fluenceF given by

Eiso =
4πd2

LF

1+z
, (2.2)

wheredL is the luminosity distance, the observables and the redshift dependent
terms can be separated as follows

Epk
2

F
= C

d2
L(z)

(1+z)3 = f (z) , (2.3)

whereC is an empirically determined constant and the functionf (z) gath-
ers all redshift dependencies. Assuming a standard cosmology they found that
f (z) has an absolute maximum atz≈ 3.8 and therefore the ratio of observables
in the left-hand side of Equation 2.3 can not exceed for any arbitrary redshift
a certain maximum value, if the Amati relation holds. They found that conser-
vatively at least 25% of their sample exceeded the limit. Subsequently Band &
Preece (2005) claimed that 88% of their larger sample including weaker bursts
failed the Nakar & Piran test, however they also reported that using insteadthe
Ghirlanda relation only 1.6% of the bursts did not fulfil the condition.
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As we have seen, many important empirical correlations aresmearedto the
observer due to the fact that GRBs have an extended redshift distribution. For
this reason, they were only discovered after the first few redshifts were de-
termined allowing the correction of cosmological effects. In the same way,
features in the intrinsic distribution of non-invariant physical quantities like,
e.g., temporal measures might not be distinguished in the observer frame due
to the cosmic time dilation, as we will show later in Section 2.4. But as we
have explained, the limitation of studying the GRB sample with redshifts is
that we do not know to what extent it is representative of all bursts. On the
other hand, the general lack of redshift values could be compensated for by
the use of statistical techniques on large samples and reasonable assumptions
on the general redshift distribution as shown, e.g., by Lloyd et al. (2000) pre-
dicting the Amati relation. The analysis presented in the next section is an
example if this second approach.

2.3 Principal Component Analysis
Principal component analysis (PCA) is a widely used technique in multivariate
analysis. The method finds a vector basis called principal components (PCs)
that indicate, in decreasing order, orthogonal directions of maximal variation
(see Figure 2.1). The computation of the PCs reduces to the problem of finding
the eigenvectors and eigenvalues of the correlation matrix derived from the
original variables, where the eigenvalues give the variance associated with
each PC (see e.g., Jolliffe 2002). The most common use of the PCA is to
reduce the number of variables needed to reproduce the variability of the data
without essential loss of information. Since in most practical situations there is
a significant amount of inter-correlation among the observed quantities, there
is then some degree of redundancy in the multi-dimensional data. Previous
uses of the PCA in the field of GRBs (e.g., by Bagoly et al. 1998; Balázs et al.
2003) were done mainly for this purpose. A complementary aspect of the PCA
is that it can be used to find near-constant linear relationships between the
variables when the last PCs have small associated eigenvalues (and therefore
very small associated variances). In those cases, the interpretation of the last
PCs is consequently much more direct than that of the first PCs, and it can
often be of considerable interest and provide constraints on physical models.

All burst parameters are subjected to some degree of observational bias. The
causes could be many, like the sensitivity limit of the instrument, its energy
band, the temporal resolution of the light curves, etc. As mentioned above,
such biases together with the selection criteria can sometimes significantly
distort the observed relation between two parameters and generate false cor-
relations. In contrast, the directions of the PCs with the smallest eigenvalues
are more robust against systematic errors. Even if a threshold in one of the
parameters cuts off part of the sub-space orthogonal to such a PC, or a bias
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Figure 2.1: Sketch illustrating the concept of principal components (PCs). In the ex-
ample thexi variables represent 3 observables which are correlated in such a way that
the data points lay on a rather flat surface. The directions ofmaximal variance are par-
allel to the plane (z1 andz2) but since their variances are almost the same the chosen
directions within the plane are somewhat arbitrary. The third and last PC (z3), orthog-
onal to the plane, gives the direction with minimal variance. In the common case of
a measurement threshold or a bias in the sample, a section of the plane might not be
observed, e.g., the corner in different gray shade limited by the dashed line. However,
while this bias will affect the selection of the first two PCs,the last one will almost
remain unaffected.

affects the way points are distributed within that sub-space, the orientation of
the sub-space is unlikely to be substantially affected (see Figure 2.1). Hence,
analytical constraints imposed on the variations of parameters from PCs with
small eigenvalues are expected to be rather insensitive to biases and selection
effects.

Aiming to gain physical insight from the multivariate analysis, in Paper II
we selected a much broader range of physical parameters for our sample of
GRBs than the ones considered in previous works. We chose various basic
temporal and spectral parameters in order to characterize temporal variabil-
ity and spectral evolution, including many of the quantities involved in the
empirical correlations discussed in Section 2.2. Furthermore, we defined new
parameters where we tried to quantified some common trends, like the overall
softening (averageEpk decrease) during the whole burst and whether the light
curve is asymmetric in the sense that most of the total emission occurs at the
beginning of the burst.

Aside from the already introduced time durationT90, we considered two
other temporal variables that have received attention in the GRB literature.
Since a significant fraction of bursts show quiet intervals orgapsin their time
histories, we used theemission timeT50 parameter proposed by Mitrofanov
et al. (1999), which is the smallest time interval that contains50% of the
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total count fluence, as an estimate of the emission timescale. In addition, we
included the half-width at half-maximumτ of the autocorrelation function
(ACF), a temporal analysis tool that is the focus of Papers III & IV and that
will be explained in more detail in Section 2.4. In the context of GRBs, where
most light curves show multiple and seemingly uncorrelated pulses,τ gives a
measure of the typical pulse timescale.

In this way, from the last two PCs we found two empirical multi-variable
correlations. One relates our temporal parameters so that they follow a relation

(T50/T90) ∝ (τ/T90)
0.6 (2.4)

where the durationT90 is used as normalization. The main thing to notice
from Equation 2.4 is the indication of aself-similarstructure of the GRB light
curves, i.e., an invariance against changes in scale. It is also clear that this is
an intrinsic property, since the temporal ratios do not depend on the redshift.

The second correlation that was found relates the peak energy and the flu-
ence as in Lloyd et al. (2000) but with the ACF widthτ as additional compo-
nent, and it can be written as

Epk ∝ F
0.8τ−0.6 . (2.5)

The fact that the strength of the correlation betweenEpk andF is increased by
an additional temporal variable is particularly interesting, since an analogous
behavior has been observed in the study of the corresponding local frame vari-
ables. As we discussed in Section 2.2, the Ghirlanda relation is an improve-
ment over the Amati relation (Eq. [2.1]) since it also includes information
from a third temporal variable, the break timet ′b in the afterglow light curves.
With this motivation we tried to estimate from Equation 2.5 the corresponding
relation in the local rest-frame. Although the lack of redshifts prevents a di-
rect determination, we developed a method where statistically we could do a
reasonable estimate using simple assumptions on the distributions of redshift
and intrinsic variables. Under those assumptions we found our best estimate
to beE′

pk ∝ E0.5
iso τ ′−0.3.

Independently Firmani et al. (2006) reported, based on analysis of a sample
of 15 GRBs with known redshifts, that they found a good correlation between
the peak luminosity (Liso), E′

pk, andT ′
50. Both our estimated correlation and

the latter resemble the Ghirlanda improvement to the Amati relation, but with
the inclusion of aprompttemporal variable. They appear closely linked since
there is also a strong correlation betweenT50 andτ (Eq. [2.4]), but it is not
clear at this point which of the two is the fundamental correlation.
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2.4 Variability Classes
Determining the relevant timescales of any astronomical phenomenon is es-
sential for the understanding of its associated physical processes. The prompt
emission phase of long GRBs have been the subject of extensive temporal
studies although they have not yet been able to fully describe and explain their
basic temporal properties. Linear methods in time-series analysis are powerful
tools for the researcher that can provide insight into the underlying dynamics
of the studied systems. However, their applicability in the field of GRBs has
been limited by the short duration and the non-repetitive nature of the events.
In view of these facts, much of the GRB temporal analysis has been done di-
rectly on the light curves, i.e., modelling the pulses and studying their shape
and distribution (Section 1.4).

A standard linear tool is the power density spectrum (PDS) derived from
Fourier analysis, which gives an estimate of the variance orpowerof a sig-
nal at different timescales or frequencies. For a light curve that is uniformly
sampled at constant time intervals∆t with N time bins and a total duration
T = N∆t, let c j be the net number of counts at binj. The discrete Fourier
transform is given by

C( fk) ≡
N−1

∑
j=0

c j e2π i j ∆t fk , (2.6)

where fk ≡ k/T are the Fourier frequencies andk = 0, . . . ,N−1. The power
at each of those frequencies (i.e., the PDS) is definedP( fk)≡ |C( fk)|2 and the
graphical representation is commonly calledperiodogram.

Closely related to the PDS, the autocorrelation function (ACF) is another
important tool in temporal analysis. Actually, the PDS and the ACF are
Fourier pairs (Wiener-Khinchin theorem) and they contain in principle the
same information that can be visualized in different ways and therefore each
representation has its own advantages for the physical interpretation of the
signal. The ACF gives a measure of the correlation between different points
in the light curve that are separated by a giventime-lagτ and it can be written
as follows

A(τ = k∆t) ≡
1
A0

N−1

∑
j=0

c jc j+k , (2.7)

where periodic boundary conditions (c j = c j+N) are assumed. The normaliza-
tion constantA0 is chosen such thatA(0) = 1 for k = 0. Since in practice all
light curves have some level of background noise and the detection of pho-
tons is a probabilistic process with natural fluctuations that follows the Pois-
son statistics, corrections for these effects have to be taken into account in the
actual calculations of both the PDS and ACF.

When using these analysis tools on GRB light curves care must be taken
in the interpretation of the results, since most of the inferences based on them
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would in principle require “long” stationary signals, i.e., the most suitable
bursts are those where the duration is much longer than the typical pulse width.
Because that condition in general is not met, large statistical fluctuations are
associated with the individual PDS of GRBs, and they do not display a regular
behavior. A way to overcome these limitations is to estimate an average PDS
from a sample of GRBs. This approach will only produce physically meaning-
ful results if each burst can be considered a realization of the same stochastic
process, i.e., there are no subclasses in the sample.

Under this assumption Beloborodov et al. (1998) calculated, using a large
sample of bright BATSE GRBs, an average PDS showing a truncated power-
law extended over two frequency decades within the range 0.01–1 Hz, and
with a (−5/3) power-law index (i.e., exponent), which is remarkably close
to that of the Kolmogorov spectrum found in fluid turbulence (Kolmogorov
1941). The variability of many natural processes have an underlying power-
law spectra when there are no preferential timescales within a certain range.
However, many physical processes share the same characteristic power-law
index in their PDS, therefore the determination of a certain index usually does
not allow an identification of the underlying process, unlike the case for many
energy spectra.

The same statistical approach was used by Fenimore et al. (1995) in their
study of the average ACF of a sample of bright BATSE GRBs when they char-
acterized the broadening of the ACF width with decreasing energies. Having
no redshifts they relied on the assumption that the sample was uniform. How-
ever, Beloborodov et al. (2000) later reported that when divided into bright-
ness groups, the indices of the average PDS show significant differences, as
do the widths of the corresponding average ACFs, suggesting that the sample
was not uniform.

Paper III presents an ACF analysis done on a relatively small sample of
bright GRB with known redshifts (#16), which allowed for the correction of
the cosmic time dilation effect. Given the limited number of sources at the
time, bursts from BATSE and Konus were combined into a single sample af-
ter verifying that consistent ACFs were obtained when using light curves of
GRBs observed by both instruments. The analysis in the rest-frame of the
source revealed a remarkable bimodality in the distribution of ACF widths,
and it was shown that the separation between thenarrow and broad ACF
width classes was highly significant (with chance probabilityp < 6×10−7).
Furthermore, the broad set representing 1/3 of the sample appears to have a
very small relative dispersion (∼ 4%), indicative of a characteristic timescale
at 7.5 s which, if confirmed by larger statistics, would be the first ever iden-
tified for the prompt emission phase. It is interesting to note that the visual
inspection of the light curves reveals no trivial morphological differences be-
tween the classes (Fig. 1 in Paper IV). Both classes present cases with simple
and complex structure, showing from a few smooth pulses to many heavily
overlapping sharp pulses.
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The sample of GRBs with known redshifts was later expanded up to 22
cases in Paper IV with the addition ofBeppo-SAXobservations, including both
gamma and X-ray data in 13 cases. The ACF analysis on the additional data
supported the previous findings. We complemented the preceding study by es-
timating the local rest-frame average PDS for each ACF width class. Further-
more, we found that the classes are not simply characterized by a different low
frequency cut-off, but they have different variability properties in the studied
frequency range. Both classes exhibit average PDS with power-law behavior
at high frequencies (f ′ ≥ 0.1 Hz) but significantly different slopes, with in-
dex values close to those of Brownian (−2) and Kolmogorov (−5/3) spectra
for the narrow and broad classes respectively. The latter spectrum presents an
additional PDS component, a low-frequency noiseexcesswith a sharp cut-off.

The finding of two components in the PDS of the broad class suggests the
interesting possibility of having two emission components with different vari-
ability. The possibility of composite energy spectra within the BATSE energy
range has been studied (e.g., Ryde 2005; Ryde et al. 2006) assuming the exis-
tence of thermal and non-thermal components, obtaining in many cases better
fits than using the standard Band function (Eq. [1.1]). Physical motivation for
this hypothesis can be found within the framework of the internal shock model
developed by Mészáros & Rees (2000), where there would be two major ra-
diating regions in the relativistic outflow: a thermal photospheric component
and a non-thermal flux from optically thin dissipative regions above the pho-
tospheric radius. In this context, the PDS components would arise from the
different expected variability of the emission, and the ACF class differences
would be due to the conditions controlling the relative strength of those two
emission components.

The ACFs in the X-ray energy band display the expected broadening when
compared with the ones at higher energies and their distribution seems to
preserve the bimodal pattern found in the gamma band, though showing
larger dispersions. The estimated average PDS for each class display the same
power-law behavior at high frequencies, although the one corresponding
to the narrow subset presents a steeper decline with a power-law index
approximately (−3), instead of (−2), while the broad subset shows the same
index within uncertainties. As suggested by our analysis of the ACF energy
dependence (Paper IV), we interpret this as an indication that the broad class
bursts have weaker spectral evolution than the narrow ones.

It is worth noticing that, when comparing theobservedACF width (τ) dis-
tribution of the GRB BATSE sample with known redshifts used in Paper IV
with the one obtained from the complete, flux limited BATSE sample used in
Paper II, we found in the first a strong bias against narrow ACF bursts. Con-
sidering that we have estimated the fraction (fb) of broad width ACF cases
in the second sample to lie between0.08 . fb . 0.22 in order to be con-
sistent with the observations, and adding the fact that the broad class shows
very low dispersion in the rest-frame of the source, we can infer that the ob-
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served variance inτ is mostly due to the dominating fraction of narrow ACF
cases. Hence, some of the results of the multi-variate analysis presented in
Section 2.3 based on the second sample may apply only to the narrow class.
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3 Review of the Papers

. . . tanto ch’i’ vidi de le cose belle
che porta ’l ciel, per un pertugio tondo.

E quindi uscimmo a riveder le stelle.

Divina Commedia- D. Alighieri

3.1 Paper I
Gamma-ray burst light curves appear to have a composite structure, showing
a seemingly random overlap of pulses often displaying fast rises and slow de-
cays. No generic pulse shape has been established making pulse identification
subjective to some extent. A few weak trends have been identified over the
whole burst. In general the spectral evolution over the total duration of a burst
looks as complex as its light curve. However, consistent spectral behavior had
been found in the analysis of a few isolated pulses. This work confirmed the
general validity of the hardness-intensity correlation (HIC) discovered by Kar-
gatis et al. (1994) during the pulse decay phases on a large sample of bursts.
This enforces the idea that each pulse should be considered as a single physi-
cal event.

Each HIC was modeled using a power-law (Sect. 1.4) and the obtained
power-law indices were analyzed determining their range and distribution over
the sample of pulses. We established that the distribution of the HIC index
values is much narrower for pulses within a burst than the distribution ob-
tained taking pulses from different bursts. In fact, the indices within a burst
are practically invariant within uncertainties. These results demand a phys-
ical mechanism to be able to reproduce multiple pulses from an individual
burst with similar characteristics. On the other hand, pulses from an ensemble
of different bursts should exhibit a much larger diversity. This is particularly
relevant when comparing the external versus the internal shock models. The
latter model proposes that the pulses are the result of a sequence of shocks
formed within a variable wind emitted by the source which follows a stochas-
tic process. Efficiency arguments lead to the requirement of a large range of
Lorentz factors giving rise to the pulses, both within a burst and among bursts.
If the variation of the index is intrinsic, we argue that the observations are
more easily explained in terms of a causally connected system. However, ex-
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trinsic causes can not be ruled out, like changes in the viewing angle for highly
anisotropic bursts or relativistic curvature effects.

3.2 Paper II
The statistical properties of a complete, flux limited sample of 197 long GRBs
detected by BATSE were studied. In order to bring forth their main character-
istics, care was taken to define a representative set of ten parameters, covering
a broad range of temporal and spectral characteristics. The variation of the
temporal parameters is clearly distinct from that of the spectral ones.

We determined that the correlation between the half-width of the autocor-
relation function (τ) and the emission time (T50) becomes tighter if both are
scaled using the duration of the burst (T90). The found relation is intrinsic
(i.e., redshift independent) and most importantly, it is an indication of self-
similarity in the GRB light curve structure.

It is also shown that the Amati-relation (Eq. [2.1]) between the rest-frame
peak energy (E′

pk) and the isotropic equivalent emitted energy (Eiso) can be
derived from the sample despite the lack of redshifts for most bursts, using
only simple assumptions on the redshift distribution. We found that the scatter
around this relation is correlated with the value ofτ ′ and therefore that it
may have a similar role to that of the break in the afterglow light curve (t ′b)
in the Ghirlanda-relation. These closely connected relations are relevant for
the study of the GRB emission mechanism and their use for cosmological
measurements is currently a matter of intense research.

Finally, it is argued that the basic temporal and spectral properties are asso-
ciated with individual pulses, while the overall properties of a burst is deter-
mined mainly by the number of pulses. This supports the composite nature of
the light curves and the reductionistic view advocated in Paper I that associates
each pulse with a single physical event.

3.3 Paper III
Linear methods in time-series analysis are powerful tools for the researcher,
nevertheless their applicability in the study of GRBs has been limited due
to the short duration and non-repetitive nature of the events. To circumvent
these limitations, average temporal properties have been estimated over large
samples. This approach will only produce physically meaningful results if all
bursts in the sample are drawn from the same stochastic process. The extended
redshift distribution of GRBs is another potential problem since it can blend
or wipe out some of the temporal features.

For the first time an analysis of the autocorrelation function (ACF) distri-
bution was performed on a GRB sample with known redshifts which allowed
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the correction of the cosmic time dilation effect. The width at half-maximum
of the ACFs calculated in the rest-frame of the source shows a distribution
with two well-separated groups. Thegapbetween the narrow and broad width
bursts was found to be highly significant (> 7σ ). The relative dispersion in the
broad set appears to be remarkably small (∼ 4%) and it may indicate the pres-
ence of a characteristic timescale, the first ever identified in the GRB prompt
emission phase.

3.4 Paper IV
In Paper III it was reported that the width of the ACF in the rest-frame of the
source has a bimodal distribution, based on the analysis of a relatively small
sample of bright GRBs with known redshifts. In this work, with the addition
of Beppo-SAX data and taking advantage of its broad-band capability, we
not only improve the previous statistics but we extend the analysis to X-ray
energies. We complement the ACF analysis by estimating the corresponding
power density spectra (PDS) and we study the properties of the bursts belong-
ing to each ACF class, looking for significant differences between them.

The rest-frame PDS analysis atγ-ray energies shows that the two ACF
classes have distinct variability properties in the studied frequency range.
Both classes exhibit average PDS with power-law behavior at high frequen-
cies (f ′ ≥ 0.1 Hz) but significantly different power-law indices, with values
suggestively close to those of Brownian (−2) and Kolmogorov (−5/3) spec-
tra for the narrow and broad classes respectively. The power-law behavior is
indicative of a timescale free regime in that frequency range, in agreement
with the temporal self-similarity reported in Paper II. The PDS of the broad
class displays in addition a prominent low-frequency component with a sharp
cut-off.

At X-ray energies we find the power-law index unchanged for the broad
class, but a significantly steeper slope in the narrow case. As suggested by our
analysis of the ACF energy dependence, we interpret this as an indication that
the broad class has a weaker spectral evolution than the narrow one.

Finally, although the origin of these two well-separated ACF classes re-
mains unexplained, we speculate that the low and high frequency PDS com-
ponents in the broad class may then arise from two radiating regions involving
different emission mechanisms.
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