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Abstract

Gamma Ray Bursts (GRBs) are short and intense flashes of -rays
with typical energies between keV and a few MeV. They reach lu-
minosities (assuming isotropy) of 10°* erg/s. The -ray emission,
called “prompt”, is highly variable (with timescales as short as few
milliseconds) and can last a fraction of a second (short GRBs, Tgg < 2
s) or few tens of seconds (long GRBs, Tgy = 2 s). The prompt is
followed by the *“afterglow” emission, at lower frequencies (in the
X-ray, Optical and Radio band) which has been detected also up to
several months after the trigger and is typically smooth and decay-
ing as a function of time. GRBs are cosmological sources having ave-
rage redshift z" # 2.5. The progenitors of long GRBs are thought
to be very massive stars that collapse at the end of their life, while
the progenitors of short GRBs are though to be the merging of two
neutron stars.

Two of the key properties characterizing the population of GRBs
are their cosmic formation rate ''(z) (GRBFR) and their luminos-
ity function #(L) (LF). Recovering "*(z) and #(L) of GRBs allows
us to test the nature of their progenitor (e.g. through the compari-
son with the cosmic star formation rate), to study the possible pres-
ence of sub—classes of GRBs and to infer intrinsic properties such as
the structure of their jetted outflows. The knowledge of the intrin-
sic population properties is becoming even more compelling with
the recent association of short GRBs with gravitational wave signals
produced by the merger of two neutron stars.

Samples comprising all GRBs with measured redshifts are affected
by several selection effects and cannot be used directly to infer **(z)
and #(L). Specific methods accounting for such biases should be
adopted. Most of the past studies adopted either heterogeneous



samples (i.e. including GRBs detected by different satellites/detec-
tors which have different sensitivities) and/or incomplete samples.
Incompleteness can be induced by several effects such as the vari-
ation (for a given detector) of the trigger efficiency and/or the effi-
ciency in measuring the redshift through optical spectroscopy. Mod-
eling individually these instrumental and observational biases may
be extremely difficult, if not impossible, in practice. Possible solu-
tions are working with complete samples and/or adopting direct
inversion methods accounting for the selection effects.

In this thesis | worked on deriving the luminosity function and
formation rate of the population of short and long GRBs. For long
GRBs | studied the C® method (Lynden-Bell, 1971), originally ap-
plied to quasars and recently to GRBs. This method consists in count-
ing GRBs within cells defined in the redshift — luminosity plane
and in reconstructing the true population number within that cell.
Through Monte Carlo simulations I found that the C® method can
correctly recover the LF and the GRBFR only if it is applied to sam-
ple of GRBs which is complete in flux and redshift. Using incom-
plete samples in redshift and/or in flux, as it has been done in the
literature recently, the found GRBFR and LF can be misleading. Mo-
tivated by these results, | applied the C® method for the first time to
a complete, flux-limited, sample of Swift long GRBs (Pescalli et al.,
2016). This sample includes all long GRBs with peak flux greater
than 6 times the Swift/BAT flux detection threshold: of these GRBs
82% have the redshift measured. The found luminosity function
#(L) is a broken power-law with slopes a = $1.32 0.2l and b =
$1.84 0.24 below and above, respectively, a break luminosity L, =
10°14 015 erg/s. These results are in agreement with those already
obtained with different methods reported in the literature, but | found
that, at odd with recent claims obtained with incomplete samples (Yu
et al., 2015a; Petrosian et al., 2015), the GRB formation rate increases
with redshift up to z # 2, where it peaks, and then decreases. My
result is in agreement with the shape of the cosmic star formation
rate and the GRBFR inferred from host galaxies.

The recent detection of gravitational waves in concert with a short
GRB (170817A), poses new questions related to the SGRB population
(e.g. local SGRB rate, properties of the progenitors and of the out-
flow). For the population of short GRBs (SGRB), #(L) and **(z) have



been derived in the past by several authors through small/incom-
plete samples of events with measured L and z. SGRB complete sam-
ples with measured z are composed by too few events for reliably
apply direct methods. The alternative approach consists in assum-
ing population properties (e.g. #(L), ""(z)) and fitting the observed
flux distribution of large sample of GRBs detected by present and
past instruments (e.g. Swift, Fermi and BATSE). Specifically, | col-
laborated to a project (Ghirlanda et al., 2016) where we derive #(L),
"*(z) and the local rate of SGRBs by fitting all the available observer—
frame constraints (i.e. peak flux, fluence, peak energy and duration
distributions) of the large population of Fermi SGRBs and the rest—
frame properties of a small complete sample of bright SGRBs de-
tected by Swift.

We find that a steep single power—law #(L)  L%2 (as found in
past works, e.g. Guetta and Piran 2006) is excluded if the full set
of constraints is considered. We implement a Monte Carlo Markov
Chain method to derive the free parameters of the #(L) and "*(z)
functions assuming intrinsic Ep $ L and Ep $ E correlations to hold
also for the population of short GRBs. To make our results indepen-
dent from assumptions on the progenitor (NS-NS binary mergers
or other channels) and from uncertainties on the star formation his-
tory, we assume a parametric form for the cosmic formation rate of
the population of SGRBs. We find that a relatively flat luminosity
function with slope # $0.5 below a characteristic break luminos-
ity # 3% 10°2 erg s®! and quite steep above (slope # $4.0) and a
redshift distribution of SGRBs peaking at z # 1.5 $ 2 satisfy all our
constraints. The latter results is consistent with the star formation
history of Madau and Dickinson (2014) retarded with a power-law
delay time distribution ~ $$. Similar results also hold if no Ep $ L
and Ep, $ E correlations are assumed or if the minimum luminos-
ity of the LF increased from 10%’ erg/s to 10°° erg/s . We estimate,
within # 200 Mpc (i.e. the design aLIGO range for the detection of
gravitational waves produced by NS-NS merger events), that there
should be 0.007-0.03 SGRBs yr®! with their jet pointing towards
the Earth and detectable as -ray events. Assuming current esti-
mates of NS-NS merger rates and that all NS-NS mergers lead to a
SGRB event, we derive a conservative estimate of the average open-
ing angle of SGRBs " # 9%-17%. The luminosity function im-

plies a prompt emission average luminosity L" # 1.5% 10°2 ergs®?,



higher by nearly two orders of magnitude than previous findings
in the literature. This greatly enhances the chance of observing off-
beam events as proposed for GW/GRB170817A (Ligo Collaboration,
2017).

GRBs have jets and several observed properties (e.g. the rate and
the true energetic) are affected by the jet structure. During my PhD |
studied how the luminosity function of GRBs is affected by the struc-
ture of their jets (Pescalli etal., 2015). The jet of GRBs can be uniform,
with constant energy per unit solid angle within the jet aperture %,
or it can be structured, namely with energy and velocity which de-
pend on the angular distance from the axis of the jet. | derived the
analytical expressions for the luminosity function of GRBs assum-
ing uniform and structured jet models and compared them to the
LF. Uniform jets can reproduce the entire luminosity function with
average opening angle %" = 3% and bulk Lorentz factor ™" = 30.
These values are reasonably consistent with estimates of opening
angles from afterglow observations. A structured jet can also fit ad-
equately the LF, provided that the energy within the jet is relatively
strongly structured, i.e. E  %®% with k > 4 (best fit for k # 8). The
“classical” E  %%2 structured jet model (Zhang and M1sz"ros, 2002;
Rossi et al., 2002) is excluded. In this work | showed also that low
luminosity (LL — 10%6%48 erg/s) and high luminosity (HL — L * 10%°
erg/s) bursts can be described by a unique luminosity function sug-
gesting that they belong to the same population.

The works described above consider only the population of bright
GRBs detected in the -ray band which are expected to be mostly
due to jets observed within their opening angles. However, the bulk
of the GRB population is expected to be oriented off-axis and their
number should be quite large for small typical GRB opening angles.
GRBs not pointing at us can still be seen as Orphan Afterglows (OA —
I.e. afterglows with an extremely weak or undetected prompt emis-
sion). OAs should outnumber (by a factor # 2/%j2) the current pop-
ulation of bursts detected in the -ray band but they have not been
conclusively observed so far at any frequency (except for the possi-
ble weak GRB170817A which could be a 5% jet observed at # 30%).
For the population of long GRBs, we compute the expected flux of
orphan afterglows in the mm, optical, and X-ray bands combining
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a population synthesis code with the standard afterglow emission
model (Ghirlanda et al., 2015b). We estimate the detection rate of
OAs with ongoing and forthcoming surveys. The average duration
of OAs as transients above a given limiting flux is derived and de-
scribed with analytical expressions: in general OAs should appear
as daily transients in optical surveys and as monthly/yearly tran-
sients in the mm/Radio band. We find that up to #20 OA yr®! could
be observed by the ZTF survey and a larger number of #50 OA yr®!
should be detected by LSST in the optical band. For the X-ray band,
# 26 OA yr¥! could be detected by the eROSITA. For the large popu-
lation of OA detectable by LSST, we show that the X-ray and optical
follow up of the light-curve (for the brightest cases) and/or the ex-
tensive follow up of their emission in the mm and Radio band could
be the key to disentangling their GRB nature from other extragalac-
tic transients of comparable flux density. What is new in our model
Is that we predict the properties of OA based on the observed pro-
perties of GRBs inthe -ray band considering as constraints the flux
and fluence distribution of the population of GRBs detected by Swift,
BATSE and Fermi. Since the -ray energy detected in the prompt
emission is a proxy of the Kinetic energy driving the afterglow de-
celeration, our simulated population of bursts includes both high
and low kinetic power bursts.

During the last year of my thesis | also concentrated on the prompt
emission dissipation and radiation mechanism operating in GRBs.
According to the standard fireball model (Paczynski, 1986; Piran,
2004), the prompt emission of GRBs is generated by relativistic in-
ternal shocks (IS) produced by shells (i.e. the fireballs) ejected by the
inner engine with random velocities. In these shocks, a fraction of
the total kinetic energy of the fireballs is converted into radiation.
Shocks produced by the deceleration of the relativistic outflow by
the interstellar medium, external shocks (ES), have been invoked to
explain the afterglow emission. However, if over—-densities charac-
terize the circum burst medium, ES could also produce a variable
light—curve. However, IS (expected to occur at a constant radius)
should differ from ES (occurring at an increasing radius) in produc-
ing pulses whose duration is not correlated with their time of occur-
rence.

The duration of prompt -ray pulses is rather constant while the
width of X-ray flares correlates with their peak time (#t t- Chin-
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carini et al. 2010) suggesting a possible different origin. However,
pulses and flares have similar spectral properties. One leading ques-
tion is whether X-ray flares and prompt emission pulses share the
same origin and if they are preferentially produced by IS or ES. To
answer these questions, | derived how the energy and duration of
pulses scale with their time of occurrence in both IS and ES scenar-
10s (Pescalli et al. 2017). Then | compared these analytical models
with existing data. The absence of an observed correlation between
prompt emission pulse duration and its time of occurrence favours
an “internal” origin and confirms the earlier results present in the
literature (Ramirez-Ruiz and Fenimore, 2000). We show that also
the energetic and temporal properties of X-ray flares are consistent
with being produced by internal shocks between slow fireballs with
a small contrast between their bulk Lorentz factors, confirming what
has been previously found by Barraud et al. (2005) through numeri-
cal simulations. These results relax the requirement of a long lasting
central engine to explain the latest X-ray flares.

Fireballs are initially extremely dense and highly opaque to Thom-
son scattering. Due to the high internal pressure, they expand and
accelerate to relativistic velocities while converting their internal ener-
gy into bulk kinetic energy. The fireballs’ expansion decreases their
opacity until they become transparent. At this stage they release
their internal radiation with a typical black body spectrum because,
during the opaque phase, radiation and matter have reached ther-
mal equilibrium.

Despite this model predicts thermal emission from GRBs, the spec-
tra of these sources are typically non-thermal. GRBs with thermal
spectra are extremely rare (# 3% — Ghirlanda et al. 2003) but very
precious since they allow us to analytically estimate some funda-
mental parameters describing the fireball dynamics.

| collaborated to a multi-wavelenght paper on the brigh GRB
151027A (Nappo et al., 2017) by performing the time-resolved spec-
tral analysis of its prompt emission. A remarkable feature of the
prompt emission is the presence of a bright flare # 100 s after the
trigger, lasting # 70 s in the soft X—ray band, which was simultane-
ously detected from the optical band up to the MeV energy range.
By combining Swift-BAT/XRT and Fermi/GBM data, the broadband
([0.3 $ 1000] keV) time resolved spectral analysis of the flare reveals
the coexistence of a non-thermal (cutoff power-law) and a statis-
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tically significant and particularly bright thermal black body com-
ponents. The latter contributes up to 35% of the luminosity in the
[0.3 5 1000] keV band. In this work we discussed the possible origin
of this thermal radiation. The -ray emission observed in Swift/BAT
and Fermi/GBM anticipates and lasts less than the soft X-ray emis-
sion as observed by Swift/XRT, arguing against a Comptonization
origin. Such late time black body component could be explained
as due to the collision of a fast shell with a slow and heavy fireball
ejected during the quiescent time interval between the initial and
late flares of the burst.

Despite these few cases of GRBs with a thermal black body com-
ponent, one of the major issues related to the prompt emission mech-
anism is the inconsistency of observed spectra with the predictions
of synchrotron emission. Hard GRB spectra at low energies could be
obtained still within the synchrotron theory (Daigne et al., 2011) at
the expense of some ad-hoc configuration of the physical conditions.
In a recent study, Oganesyan et al. (2017) extended the investigation
of the prompt emission spectra down to the soft X-ray band find-
Ing consistency with synchrotron radiation from (moderately) fast-
cooling electrons. We asked if also GRBs observed by Fermi have
a break. 1 collaborated to a work (Ravasio et al. 2017) where we
present the time-resolved spectral analysis of the prompt emission
of GRB 160625B. This is one of the brightest bursts detected by Fermi.
Standard empirical functions fail in providing an acceptable fit to the
GBM spectral data. The goodness of the fit significantly improves
when a low-energy break is added in the fitting function. The spec-
tral break is located around Epex #100keV, while at 0.5 $ 6 MeV
the spectrum displays the usual &Fg peak energy feature Epeac. The
slopes below and above E, .o« are consistent with the values -0.7
and -1.5, respectively, expected from synchrotron emission produced
by a population of electrons in a “moderately” fast—cooling regime.
The small ratio between Epea and Epreq implies that the radiative
cooling is incomplete, contrary to what expected in strongly magne-
tized and compact emitting regions. These results demand a revi-
sion of the radiation mechanism in the prompt phase of GRBs.
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CHAPTER

GRB overview

Gamma Ray Bursts (GRBs) are powerful emitters of —photons sit-
uated at cosmological distances and an almost isotropic distribution
in the sky.

Prompt The main emission is characterized by typical energy going
from a few keV up to some dozens of MeV (GeV in rare cases), it can
last from the fraction up to thousands of seconds and its variability
can reach the ms timescale.

Afterglow The latter is generally followed by another emission at
lower frequencies (X, Optical/IR, Radio bands), less variable and
lasting even up to months.

The several observational properties are explained in the so—called
fireball standard model (see Chp.2). Within this model, the prompt
radiation is produced by internal shocks (IS — see Sec.2.4) generated in
collisions between relativistic shells of plasma (the fireballs) ejected
by the inner engine with random velocities. In these shocks, a frac-
tion of the total kinetic energy of the fireballs is converted into radi-
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Figure 1.1: Some GRB prompt light—curve shown as example of the great diversity
of temporal profiles (Borgonovo et al. 2007)

ation through synchrotron (see Sec.2.6) and inverse Compton emis-
sion (see Sec.2.7). Shocks produced by the deceleration of the merged
relativistic outflow by the interstellar medium, external shocks (ES -
see Sec.2.5), have been invoked to explain the long lasting, smoothly
decaying, broad band afterglow emission.

1.1 Temporal properties

GRBs prompt emission is characterized by irregular temporal pro-
file (see Fig.1.1). The light—curves are highly variable, on character-
istic timescales as short as few milliseconds (Walker et al., 2000; Bhat
etal., 1992; MacLachlan et al., 2013), appearing as a sequence and/or
superposition of pulses (Fishman et al., 1993; Bhat et al., 2012). Some
bursts contain distinct, well-separated emission episodes or can even
have a single smooth pulse (e.g. GRB 980425 Galama et al., 1998).
The individual pulse of which the light—curve is constituted typi-
cally shows an asymmetric structure with a Fast Rise and Exponen-
tially Decay behavior (FRED shape — Fishman et al., 1994) and are
indeed well described by the so—called Norris function (Norris et al.,
1996). Their width (t vary in a wide range with the shortest pulses
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Figure 1.2: Distribution of Tgg for 427 GRBs from the 3rd BATSE Catalog (Meegan
et al., 1996).

having sub—ms width. If normalized with the burst duration ((t/T)
they could reach values as low as 10%3 $ 10%4.

The burst duration is typically defined through the Tgg (Tso) be-
ing the time interval within which 90% (50%) of the burst fluence is
detected. More precisely, Tyg is defined as the time corresponding
to an increment of the cumulative counts from 5% up to 95% above
the background. The values of Tgg span over 5 orders of magnitude,
i.e. from # 10%2 s to 103 s. Based on the bimodality of the duration
distribution (see Fig.1.2), GRBs are conventionally divided GRBs in
two classes:

e Short GRBs: having Tgg < 2s( Tgg" # 0.25)
e Long GRBs: having Tgg = 2 s ( Tgg" # 205)

This distinction is made on the basis of the observed durations and
not the rest frame one. Moreover, Tgg strongly depends on the as-
sumed energy band on which the light-curve is calculated and the
instrumental sensitivity. Moreover, according to Bromberg et al.
(2013), for both the Fermi and CGRO/BATSE short GRB popula-
tions, this duration threshold should limit the contamination from
collapsar—GRBs to less than 10%.
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Figure 1.3: Prompt spectrum of GRB 990123 (Briggs et al., 1999). The spectrum is
modelled with a Band function (Band et al., 1993) with > = $0.67, ) = $3.0,
Ep = 720 keV. Upper panel: photon spectrum. Lower panel: &F(&) spectrum.

1.2 Spectral properties

The GRB prompt emission spectrum is typically non-thermal (i.e.
well described by single or combinatons of power-laws), as expected
If their emission is produced by shock accelerated relativistic elec-
trons which radiate via synchrotron/inverse Compton (see Sec.2.6
and Sec.2.7). The photon spectrum N(&) (or equivalently N(E))
represents the number of photons per unit area and time in func-
tion of the frequency (energy) of photons. Generally, also the &F(&)
(E2N(E)) representation is employed in order to describe prompt
spectra (see. Fig.1.3). The majority of GRBs has a &F(&) spectrum
extending, without evidences of spectral lines, from keV to Mev typ-
ically peaking at few hundreds keV (in rare cases it can even extend
up to GeV). It can be well described by the following empirical func-
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tion (the so—called Band model):

(h&)” exp($h&/Ey) ifh& < (" $))Eg
N(&) = No . .
[(" $))Eo]l B (h&) exp() $ ) ifha < (* $))Eo
(1.1)

which was introduced by Band et al. (1993). This is one of the most
used model in spectral analysis since its formulation. > and ) are the
power—law spectral indices (at low and high energies, respectively)
and Eg is a parameter linked to the break energy through the relation
Ep = (O $))Eg. Only if > > $2 and ) < $2 the &F(&) spectrum
shows a peak at E, = (” + 2)Eg. This function is essentially a bro-
ken power-law with an exponential smoothing of the break.Typical
values for the parameters are > = $1.0, ) = $2.5and E, 250 keV.
There are, however, a few bursts which show a thermal black
body (BB) spectrum. Thermal emission is naturally expected in the
so—called standard fireball model of GRBs when the relativistically
expanding plasma becomes transparent (e.g. Goodman, 1986; Pa-
czynski, 1986; Daigne and Mochkovitch, 2002). Thermal photons
can be either those of the initial fireball or they can be created at
some stage of the fireball evolution, when itis still moderately opaque,
due to some dissipation mechanism (e.g. Rees and M!sz"ros, 2005).
In this case photons are expected to be distributed according to the

Planck function:
hé&

el%&$1

Evidences of thermal components in GRB prompt spectra could be
divided into three classes, as follows:

N(&) = (1.2)

e Class-I Bursts with a pure BB component for the entire dura-
tion of their prompt emission phase. These are only four cases
and they have all been detected by BATSE: GRB 930214, 941023,
951228 (Ryde, 2004) and GRB 990413 (Bosnjak et al., 2006). An
example of this class is shown in Fig.1.4;

e Class—II Bursts with a pure BB component only in the first few
seconds of their emission which is overtaken by a dominating
non-thermal component afterwards. Ghirlanda et al. (2003),
performing the time-resolved spectral analysis of bright BATSE
bursts, revealed a thermal component at the beginning of GRB
910807, 910927, 911118, 970111, 980306. An example is shown
in Fig.1.5;
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Figure 1.4: Example of class—I bursts. GRB 951228 (Ryde, 2004) which has a ther-
mal spectrum throughout its duration. Top panel: light—curve (not background
subtracted). Bottom panels: two spectra (accumulated in the time intervals
marked by the dashed vertical lines in the top panel). Both spectra are fitted
with a BB component (solid orange lines in the two bottom panels).

e Class—II1 Bursts with a BB plus a non-thermal component. Re-
cently, GRB110721A (Axelsson etal., 2012), GRB 100724B (Guiriec
et al., 2011)and GRB 120323A (Guiriec et al., 2013), detected by
the Fermi satellite, showed the compresence of a BB, contribut-
ing # 5% of the total flux and a dominating non—-thermal com-
ponent. GRB 090902B (Ryde et al., 2010), also detected by Fermi,
has a prominent broadened BB component and a non-thermal
sub-dominant power-law. An example of this class is shown
in Fig.1.6.

Typically, the temperature characterizing the thermal component
evolves with time approximately as kT t$2/3 (Ryde, 2004) or
kT t%/4 (Ghirlanda et al., 2003) after an initial rising or con-
stant phase. The flux of the thermal component decreases  t%2
at late times. Such temporal behaviors at late times have been in-
terpreted (Pe’er, 2008) as high—latitude emission from the optically
thick surface of the expanding plasma when it becomes transparent.
Possible interpretations of class—Il and Ill bursts propose that the
non-thermal component is produced by Compton scattering of the
photospheric photons by relativistically accelerated electrons (e.g.
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Figure 1.5: Example of class—Il bursts. GRB970111 (Ghirlanda et al., 2003) has a
thermal spectrum at the beginning and a non-thermal spectrum at later times.
Top panel: light-curve (not background subtracted). Bottom panels: two spec-
tra (accumulated in the time intervals marked by the dashed vertical lines in
the top panel). The first spectrum is fitted with a BB (solid orange line) the
second spectrum is fitted with a non-thermal component (a cutoff-power-law
model in this case) shown by the solid cyan line. For comparison the BB spec-
trum fitted to the early time spectrum (normalized to the peak of the late time
spectrum) is shown by the dash—dotted orange line.

Pe’er, 2008) or that photons of the two component have indipendent
origin with the thermal component being the photospheric emission
and with the non-thermal component being produced in the opti-
cally thin region (e.g. through internal shocks) so that the relative
strength of these two components is regulated by the thermal/mag-
netic content of the jet (Hasco$t et al., 2013).

1.3 Correlations

There are empirical relations between the GRB observational proper-
ties. Such relations are useful because pose important constraints
on the theoretical models and can be potentially helpful in deriv-
ing sum unknown parameters. Here, | will list the most remarkable
ones:

e Amati correlation (Amati et al., 2002)
The peak energy Ep of the &F(&) spectrum correlate with the

7
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Figure 1.6: Example of class-1ll bursts. GRB 100724 (Guiriec et al. 2012) which
has a thermal component (contributing only the 5% of the total flux) and a
dominating non-thermal component throughout its duration. Top panel: light-
curve. Bottom panels: early and late time spectrum (corresponding to the time
intervals of the dashed vertical lines in the top panel) de-convoluted into a
non-dominating BB component (dashed orange line) and a Band function (the
dashed cyan line). The total spectrum is shown by the solid black line.

isotropic equivalent energy Ejso through the relation Ep Elosg
An updated version of this correlation is shown, compared to
the Ghirlanda correlation, in Fig.1.7. Mochkovitch and Nava
(2015) studied the validity of this correlation within the internal

shock scenario.

e Ghirlanda correlation (Ghirlanda et al., 2004)
Only for those bursts whose jet opening angle %t is measured,
itis possible to derive the true energy E correcting the isotropic
energies for the collimation factor: E = Ejso(1 $ cos(%er)). The
collimation—corrected energy correlate with the peak energy as
Ep Eg’o with a slope depending on the assumption on the
circumburst medium made in order to derive %. G = 0.7 for a
homogeneous density and G = 1 for a wind profile (Nava et al.,
2006). An updated version of this correlation (G = 1) is shown,

compared to the Amati correlation, in Fig.1.7.

e Yonetoku correlation (Yonetoku et al., 2004)
The peak energy Ep of the &F(&) spectrum correlate with the

8
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Figure 1.7: The so-called Amati and Ghirlanda correlation are shown. Black

- - - - 05 -
points represent the GRBs composing the Amati correlation Ep Ejco with

3* dispersion (black dot-dashed lines). Points in the blue squares correspond
to those GRBs with measured %et. The blue dotted and dash—dotted lines rep-
resent, respectively, the fit and the dispersion associated to the blue points.
These have been employed to obtain the red (original) and orange (added later)
points of the Ghirlanda correlation (G = 1 wind medium). The red solid line
and the red dashed lines represent the correlation and its dispersion, respec-
tively.

isotropic equivalent luminosity Liso through the relation Ep

L?S-g. | personally studied this relation using the extended ver-
sion (see Sec.5.2) of the complete (in flux and in redshift) BAT6
originally defined in Salvaterra et al. (2012). 1 calculated the
isotropic equivalent luminosities for all bursts with z measured
and well constrained spectral parameters: 81 out of the total 99
objects have both L, z and well-constrained E,. Fig.1.8 shows
the correlation based on the updated sample. This has been also
compared with the the total sample of all bursts with L and z
measured (187 objects — updated to GRB 140907A). The correla-
tion was fitted using the bisector method (Isobe et al., 1990) in

the barycentre of points for both the total and the BAT6ext sam-

9



Chapter 1. GRB overview

Table 1.1: Results of the analysis for the Ep $ L correlation. The columns report
in order: the analyzed sample and its size, the Spearman’s rank correlation
coefficient, the associated chance probability, the slope and the normalization
of the bisector fit in the barycentre and the 1* estimate of the scatter of the
sample distribution around the correlation.

Sample  *Bursts + Pchance Slope Norm. *

Total 187 074 6%10%3% 050 003 $23%10%7 0024 0.29
BAT6ext 81 072 5%10%4 054 005 $22%10% 0036 0.28

ple, respectively. | also estimated the scatter of the distribution
of the points around the correlation (computed perpendicular
to the correlation itself), the Spearman’s rank correlation coef-
ficient and the associated chance probability. These results are
reported in Tab.1.1.
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Figure 1.8: Ep $ L correlation. Grey points and the red empty squares represent
the total (all long bursts with L and z measured) and BAT6ext complete sam-
ple, respectively. The solid gray line and the dot-dashed line are the best fit
(obtained with the bisector method applied in the barycentre of points) results
for the total and BAT6ext complete sample, respectively.

The cited correlations have largely been studied for the popula-
tion of long GRBs but only the Yonetoku correlations has be con-
firmed to be valid also for short GRBs (D’Avanzo et al., 2014).
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Figure 1.9: Redshift distribution for Swift GRBs (blue histogram) and pre-Swift
GRBs (grey histogram). The thick solid red curve illustrates the evolution of
a comoving volume element of the Universe; the thin dotted red curve is a
convolution of the comoving volume with a model for the star-formation rate
as calculated by Porciani and Madau (2001). Figure from Gehrels et al. (2009).

1.4 Redshift

The first redshift measurement was obtained immediately after the
detection of the X and optical afterglow emission (Costa et al., 1997,
van Paradijs et al., 1997) with the detection of GRB 970508. The early
detection of its optical emission and the relative brightness of the
event allowed to perform the optical spetroscopy (Metzger et al.,
1997). The redshift was estimated to be z = 0.835 based on the
presence of Fell and Mgll absorption lines in the optical spectrum
demonstrating that GRBs are cosmological sources.

The knowledge of the redshift allow to account for the expansion
of the Universe and establish the distance and the rest frame proper-
ties of the source. In general, the measure of the redshift is affected
by selection effects due to instrumental and/or observational biases
(since the late afterglow is typically faint, the brightest bursts are
favored). Initially the redshift measurement required a great deal
of effort because of the needed cooperation between satellites (help-
ful in finding the source sky position) and ground-based telescopes
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(employed to observe the late afterglow emission).

Recently, the rapid burst localization and pinpointing of the GRB
afterglow, made available by the fast slewing of the Swift satellite (Gehrels
et al., 2004), combined with the intense efforts to acquire early time
optical spectra from the ground, allowed us to measure the red-
shifts z of GRBs with an average efficiency of 30%. GRBs with mea-
sured z are distributed from the local Universe up to very high red-
shift: GRB 090423 (with a spectroscopic z = 8.2 Salvaterra et al.,
2009a; Tanvir et al., 2009) and GRB 090429B (with photometric red-
shift z = 9.4 Cucchiara et al., 2011) represent the furthest objects of
stellar origin known to date.

Fig.1.9 shows the measured redshift distributions obtained by Swift
events (blue) and by the pre-Swift events (grey). GRBs detected by
Swift have a higher average redshift: z" = 2.5 for Swift bursts while

z" = 1.2 for pre-Swift events. The reason for this difference is the
higher sensitivity of Swift with respect to Beppo-SAX and HETE-II.

1.5 Progenitors

The inner engine powering GRBs must to be able to release amount
of energy (10°1%33 erg) on timescales as short as the duration of the

—ray emission. Moreover, it must be a compact object in order to
justify the short variability timescale. For these reasons the standard
model of GRBs attributes their origin to relativistic jets produced
by the accretion onto a fast-rotating black hole (BH) of stellar origin.
Such a system can be generated in different ways (schematically rep-
resented in Fig.1.10):

e Collapsar
The core collapse of a massive star (# 30 $50M») is thought to
be the production channel of long GRBs. The BH formation is
nearly instantaneous, while accretion of the surrounding stellar
material can last tens of seconds consistently with the duration
of long GRBs. The core collapse can alternatively lead to the for-
mation of a magnetar (Bernardini et al., 2013). The best candi-
date stars are the Wolf-Rayet stars that lose most of their enve-
lope mass because of their intense stellar winds.Moreover, ob-
servations of long GRBs indicate that they are located in small
star forming galaxies, supporting the association of the pro-
genitor with massive stars. Another fundamental issue for the

12
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(>2 seconds’ duration) (<2 seconds’ duration)
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Figure 1.10: Schematic representation of GRB progenitors: a collapsar (associated
to long burst — left) and a merging NS—-NS binary system (associated to short
bursts - right).

identification of long GRB progenitors is the association with
supernovae (SN) Ib/c explosion. Signatures of such emission
have been found for the first time in GRB 980425 (SN1998bw
Ic type, z = 0.0085 — Galama et al., 1998). Another important
SN-GRB connections were GRB 030329-SN 2003dh (z = 0.1685
— Stanek et al. 2003) and GRB 060218-SN 2006aj (z = 0.0335 -
Mirabal et al. 2006). At the moment, the long GRBs with an as-

13
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sociated supernova are # 50 (Cano, 2016). According to Soder-
berg et al. (2006b) less than 10% of type Ib/c SNe are associated
with GRBs.

e NS-NS binary system

For short GRBs the best candidates are the binary systems of
compact objects (NS-NS or BH-NS), that lose their orbital an-
gular momentum because of the emission of gravitational waves
and merge. Their short duration is probably due to the low den-
sity of the close circumburst medium (Fong and Berger, 2013;
Fong et al., 2015) leading to a lean accretion disc. Short GRBs
were found in a variety of galaxy morphologies (D’Avanzo,
2015): from the elliptical galaxies to the young galaxies with
ongoing star formation. No event of supernova was ever asso-
ciated to the formation of short GRBs (this is compatible with
the binary system scenario since the supernova explosion that
formed the neutron star can be happened also 108 $ 10° years
before the merger responsible for the GRB) while recently there
was a possible detection of a “kilonova” signature (Eichler et al.,
1989; Li and Paczynski, 1998; Jin et al., 2015, 2016).
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CHAPTER

The Fireball Standard Model

In this chapter | will briefly introduce the key ingredients of the
standard GRB fireball shock model that has been proposed, in its
simplest version, by Paczynski (1986) and Goodman (1986). Over
the years this model has been refined with the aim of explaining
the increasing observational results collected e.g. by the Swift satel-
lite (Gehrels et al., 2004) on the prompt and the afterglow emis-
sion (see the reviews Piran, 1999, 2004; Zhang and M!sz"ros, 2004).

2.1 The compactness argument

The inner engine of GRBs, most likely a fast rotating and accreting
Black Hole (BH), is able to produce, in its polar region, a fireball,
I.e. a plasma essentially composed by photons, electron/positron
pairs and a small amount of baryons. This is the what is typically
called the GRB “outflow”. The request of a small amount of baryons,
I.e. of a “light” outflow, comes from the requirement that it reaches
relativistic bulk velocities. The latter condition was realized early
in the field and is clearly formulated in the so—called compactness
argument (e.g. Lithwick and Sari, 2001). This is an argument because
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Chapter 2. The Fireball Standard Model

it is used to solve an apparent paradox which is briefly summarized
below.

For a typical GRB fluence S # 10%6 erg cm®2 and assuming a
luminosity distance di # 16 Gpc (corresponding to z # 2), the to-
tal isotropic -ray energy released is Eiso = 4,d?S/(1 + z) # 102
erg. Given the short variability timescale (t (few milliseconds) ob-
served in the prompt emission (Bhat et al., 1992; Walker et al., 2000;
MacLachlan et al., 2013), the size of the emission region is approxi-
mately R # c(t ( 3% 108((t/10 ms) cm. Such high energy confined
in a relatively small volume makes the fireball extremely opaque
due to the process of pair production. Indeed, the optical depth for
pair production can be estimated as:

*TSdZ

=6 R2m,c?

+#

#u- # e #

# 10%0f —
P 10%6 ergcm$2 16 Gpc 10 ms

1 (21)

This value has been calculated assuming an approximated pair pro-
duction cross section of the order of the Thomson cross section *1 =
6.25% 10%% ¢cm?, and assuming that a fraction fy, of photons is above
the photon—photon pair production (  + e*e®) threshold defined
by the relation:

~1-2(1 $coslhy ) 7 2(mec?)?,

where mg is the electron mass, -1 and -, are the energies of two pho-
tons, and % » is the angle between the momenta of the two photons.

Despite these gross approximations, the order of magnitude es-
timate presented above shows that for typical GRB parameters (i.e.
source size and energetics), the -rays with energies above a few
hundreds of keV should be strongly absorbed. Therefore, contrary
to what is observed, the spectrum of GRBs should be characterized
by an abrupt cutoff at high energies where instead it seems to extend
by far in the MeV energy range. This is the apparent paradox.

A possible way of out of this paradox consists in invoking the rel-
ativistic bulk motion of the emitting region (e.g. Lithwick and Sari,
2001). The relativistic Doppler effect has two main consequences. (i)
Photons are blue-shifted by a factor ** so that in the shell comoving
frame they have lower energies. This reduces the number of pho-
tons above the pair production threshold which can produce pairs

16



2.2. Fireball dynamics

(i.e. the fraction fy is reduced by a factor "2C%1, where ~ is the
photon spectral index in the -ray band). (ii) The real physical scale
of the emission region is R # "2c(t. Accounting for these relativis-
tic scalings, the pair production optical depth $ is reduced by a
factor ""2°*2 # "6 Therefore, a bulk Lorentz factor of the order of
10%%3 reduced the pair production opacity $ < 1. Other meth-
ods have been proposed to estimate lower limits through the com-
pactness argument applied to GeV photons detected by the LAT on
board Fermi (Abdo et al., 2009a,b; Ackermann et al., 2010) and more
detailed calculation have been presented (see Hasco$t et al., 2011,
Zhao et al., 2011; Zou et al., 2011). Finally, upper limits (Zou and
Piran, 2010) can be obtained.

Based on the compactness argument, ** > 100 has been obtained
for a few GRBs (Lithwick and Sari, 2001). Independently, an al-
most unique probe that GRBs outflows are relativistic comes from
the ceasing of the radio flux scintillation (observed few weeks after
the detection of GRB 970508; Frail et al., 1997) which allowed us to
estimate the source expansion pointing to a bulk Lorentz factor of a
few ("' # 10). This value, corresponding to the late phases of the de-
celeration, suggests that in the early phases (i.e. during the coasting
phase) ** should have been much larger.

The direct estimate of the bulk Lorentz factor during the coasting
phase (*'g, 1.e. the maximum value attained by the fireball during
its dynamical evolution) is possible through the peak of the after-
glow (Sari and Piran, 1999b) and has been extensively used (e.g.
Molinari et al., 2007; Gruber et al., 2011; Liang et al., 2010). (Ghir-
landa et al., 2012b) showed, with a sample of 31 GRBs with a mea-
sured peak of the optical light curve, that the bulk Lorentz factor
in GRBs is correlated with their energetic and luminosity (but see
Hasco$t et al., 2014).

2.2 Fireball dynamics

Creation Let’s consider a fireball created at a radius Rq (with respect
the central engine) containing N photons. Assuming a 10 My black
hole, Ry # 6GM/c? # 10’ cm (considering further that the length-
scale is 3 gravitational radii). The total number of photons N is con-
served until the fireball is opaque and the only internal mechanism
acting on N is pair creation and there is equilibrium between cre-
ation and annihilation (e.g. Piran, 2004). As a consequence, internal
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Chapter 2. The Fireball Standard Model

photons thermalize assuming a thermal black body (BB) spectrum.
The initial state is substantially a hot plasma, with photons and pairs
in equilibrium at a temperature Ty = (L'/4, R3*)1/* # 10'° K as-
suming a comoving injected luminosity L' = 10°! erg/s and Ry =
107 cm (* is the Stefan-Boltzmann constant). The BB energy den-
sity ngg can be expressed as aTy* (where a = 4*/c = 7.57 % 10%15
erg/cm? K* is the radiation constant) so that the total internal energy
is Eqot = Npp(4/3) , RS # 10°2 erg.

Acceleration The dynamic of the GRB outflow during the accelera-
tion phase has been presented in several works (Shemi and Piran,
1990; Meszaros and Rees, 1993a; Piran et al., 1993; Kobayashi et al.,
1999). The high internal radiation pressure drives the accelerated
expansion of the fireball. During this phase internal energy is con-
verted into the fireball kinetic energy. Being kT - the typical photons’
energy, the conservation of the photon number N leads to:

4 _qaly 4 _saT’ 3p3 — T.3p3

3’R°kTOv(N(3’R T To°Rg=T"R (2.2)
Threfore, during the acceleration phase the scaling relation relating
the temperature and radius of the fireball is T:  R®! (Paczynski,
1986; Meszaros and Rees, 1993a). The volume increases R3 be-
cause the fireball is uniformly expanding. The comoving tempera-
ture T » and the volume V satisfy the relation T 'V1/3 = constant. If
the expansion is adiabatic the fireball energy remains constant dur-
Ing the acceleration. If E©  "T ' (see Shemi and Piran, 1990) then
" R

Due to the increase of the fireball volume, the optical depth $

decrease during the expansion. The acceleration lasts until all the
available energy is converted into kinetic (at the saturation radius
Rs with "max) or until the fireball is opaque. Oversimplyfing this
evolution we can think of two source of opacity: pair production
and electron scattering. For the typical conditions of the evolution
of the fireball, the opacity for pair production is the first to be lost
(ie. $ 1) when the fireball comoving temperature is kT @ # 21
keV. This happens when the bulk Lorentz factor is approximately

" = BALY*RYYZ In the absence of baryons a fireball of pure

pairs would reach a relatively small bulk terminal velocity, inconsis-
tent with the larger values derived from the observations (see above)
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2.2. Fireball dynamics

and would stop accelerating at a relatively small distance from the
central engine (R # R  # 10°L/*R}%2 cm). If (even a small
amount) of baryons are present the opacity is sustained, due to elec-
tron scattering, after the pairs “freeze out” of equilibrium. When
$s # 1 at the photospheric radius Ry (see below) the fireball be-
comes transparent. This transition can occur during the acceleration
phase so that the fraction of internal energy not yet converted into
kinetic energy is released as BB radiation with a rest frame temper-
ature equal to the initial comoving one (T = Ty). If the trans-
parency occurs after the end of the acceleration the BB emission
will be fainter and with a smaller temperature (see e.g. Daigne and
Mochkovitch, 2002; Kumar and Smoot, 2014).

Coasting When the acceleration ends, the fireball enters in the so-
called coasting phase in which its velocity is constant. The maxi-
mum reachable Lorentz factor "'max # 10° (Piran, 1999). This value
Is reached in the case that all the internal energy is transferred to the
baryons and it is equivalent to the maximum possible baryon load-
ing . = Ewot/ Moc?, where Mg is the initial fireball mass. During the
coasting phase the fireball volume increases R2?#R. If, during the
coasting phase the fireball is still opaque to electron scattering, the
number of internal photons is conserved so that:

T 4
(N (4, RZ#R% —TAR2=T3R?  (23)

aTy*
KTg

4,R2#R

Thus, after the saturation radius (i.e. the end of the acceleration) the
internal comoving temperature decreases T:  R%$2/3 and the Lo-
rentz factor remains constant. In this phase, energy dissipation may
occur through, e.g., the development of relativistic shocks (internal
shocks) between portion (fireballs or patches) of the outflow which
underwent independent accelerations and attained different termi-
nal velocities (Rees and Meszaros, 1992, 1994; Meszaros and Rees,
1993a).

Deceleration As the fireball expands into the circumburst medium,
it collects matter and decelerates. The kinetic energy is transformed
into random internal energy and partially radiated through the de-
velopment of what is typically referred to as the external shock. Thus,
the motion is characterized by a decreasing Lorentz factor with time.
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Figure 2.1: Schematic representation of the bulk Lorentz factor *(R) evolution.

Blandford and McKee (1976) derived this relation analytically in the

adiabatic regime (i.e. assuming that the fraction of energy dissi-

pated as radiation is negligible): “(t)  EL/2n$/8t33/8 where Ey,

Is the kinetic isotropic equivalent energy and n is the circumburst
medium density (usually assumed constant). However, the ISM
density profile can vary with the distance from the source. Typi-
cally it is described as n(r) = nor® (> "* 0) where ng represents
the particle density at some characteristic radius ry close to the GRB
progenitor (Panaitescu and Kumar, 2000; Chevalier and Li, 1999).
Threfore, the general equation describing the bulk Lorentz factor
decrease with distance r from the central engine is (Blandford and
McKee, 1976; Nava et al., 2013):

$
"(r) =

N\ N1/2
Ein(17$47) (B(35°)/2

2.4
16 , ngmpc? 24)

A general treatment of the fireball dynamics which considers both
the fully adiabatic and radiative regime (as extreme cases) and the
Intermediate cases and smoothly joins the transition from the coast-
ing phase to the deceleration one has been presented in Nava et al.
(2013).

During the interaction between the fireball and the medium, two
different shock waves are generated: a reverse shock propagating
into the fireball (Uhm and Beloborodov, 2007; Genet et al., 2007),
and a forward shock propagating through the ISM (Blandford and
McKee, 1976). Usually, the deceleration radius (Rgec) is defined as
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2.3. Photospheric emission

the radius where the reverse shock crosses the fireball shell. For a
standard fireball this corresponds to the instant when the total ISM
collected mass is a factor 1/ of the initial fireball mass, i.e. Mg =
(4/3), RS nmp = Mo/"". If we also consider the density variation

dec
with the radius the expression of the deceleration radius is:

LA} # ,
4, np""2mpc?

Rdec = (2.5)
that corresponds to Rge. ( 10 cm for standard parameters.

2.3 Photospheric emission

As the fireball shell expands, the photon number density and the
typical photon energy drop. At a certain radius, the fireball becomes
optically thin and, although much of the initial energy is converted
to the Kinetic energy of the shell, some energy will be radiated away
as BB emission. This is the first electromagnetic emission that a sin-
gle fireball can produce. In this case the peak energy of the spec-
trum and the observed BB temperature are linked by the relation
Epeak = 3.93kT (e.g. Zhang et al., 2012a). This emission, however,
Is characterized by a BB spectrum unless some dissipation process,
occurring below the photosphere, modifies the spectral energy dis-
tribution of the trapped-in photons (e.g. Pe’er, 2008; Beloborodov,
2010).

The comoving frame (isotropic equivalent) luminosity of the pho-
tons trapped in the fireball is L' = 4, R?*T 4, where T ' is the como-
ving temperature of these photons. Adopting approximate trans-
formations from the comoving to the rest frame, i.e. L = 4/3"2L
and T =5/3"T ' (Ghirlanda et al., 2012b), we can estimate the ratio
between the fireball radius and its bulk Lorentz factor at the trans-
parency:

=
Rt d.(2) Feg  /?
— = 2.406
T (1+2)2 *Tops
where Fgg and T, are the flux and the observer-frame temperature

of the BB spectrum and z is the source redshift.
The transparency can be reached:

(2.6)

(i) during the acceleration phase i.e. when the fireball is still acceler-
ating with abulk Lorentz factor™ R(T: R%!). Eq.2.6 allows
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Chapter 2. The Fireball Standard Model

us to derive Ro/"'g and, assuming that the fireball is created at
Ro with g = 1, this gives the radius at the base of the jet where
the fireball is created. In this case, the rest—frame temperature
T (= Tops(1 + 2)) is the same of the “fossil” photons, i.e. those
that were injected at Ry;

(i) during the coasting phase, i.e. when most of the internal energy
has been converted to bulk motion and the fireball, because of
the end of the acceleration, has a constant Lorentz factor, the
transparency radius, is given by the following equation (valid
for geometrically thin shells — Daigne and Mochkovitch 2002):

_ Lo*r

Rt = 8, mocs 3 (2.7)
where *t is the Thomson cross—section and Lg represents the
initial total luminosity injected by the central engine in the fire-
ball at Rg. Only a fraction L = /Ly with / < lis released as ra-
diation at the transparency. The value / # 20% (derived from
the modeling of GRB afterglows) is typically assumed. Com-
bining Eg.2.6 and Eq.2.7 we can separately obtain the trans-
parency radius Ry and the corresponding bulk Lorentz factor

"1 (see Ghirlanda et al. 2013b for details):

x  Pua 454(2) Fo/s
Ry =1.624 mpc3/ (1+2)%2 (*T4 )38 (2.8)
Y. Pl "1/4
"1 =0675 mp(1-3/ di(2)(1+2)°  (Fee*Tgpe)™
2.9)

recalling the expression for the energy density of the fossil BB

photons (those ones injected at Rp), i.e. aTO’4 = Lo/4,cR2, and
adopting the scaling relations valid for the acceleration (** R,
T R%) and coasting phase (" = const, T©  R%2/3) it is
possible to derive the radius Ry where the fireball is created if
the transparency is reached during the coasting phase:

02 C . DIVZ:

372 OL{Z B

Ro = 12.5/ (1+z)2 ey (2.10)
obs

Therefore, the detection of a BB spectrum in GRB emission is of
fundamental importance because through the measurement of the
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BB temperature kT,,s and flux Fgg allow us to estimate some fun-
damental parameters of the fireball. | applied all these arguments
during the study of the pure thermal burst GRB 100507 (Ghirlanda
etal., 2013b) and during my PhD to the case of GRB 151027A (Nappo
etal., 2017, see Sec.10.1) with evidence of a thermal black body com-
ponent.

2.4 Internal shocks

What has been described in the previous section is the theoretical
dynamical evolution of a single fireball. Most likely, the inner en-
gine is able to produce a sequence of fireballs, ejected intermittently,
each one with a different initial energy and/or baryon loading and
evolving independently. The fireballs, characterized by different
bulk Lorentz factors, can collide and generate the so—called internal
shocks (Rees and Meszaros, 1994). A fraction of the colliding fireballs’
kinetic energy is given to electrons and positrons through their ac-
celeration at e.g. relativistic shocks. Also a fraction of the kinetic
energy can amplify the magnetic field. Given this configuration,
the presence of relativistic electrons and of an intense magnetic field
allows the dissipation of the energy through synchrotron radiation
(see Sec.2.6).

Consider, for the sake of simplicity, two fireballs of mass m, and
m, and comparable thickness #R, moving with Lorentz factors '*, >
"1 ™ 1, respectively. Assuming that the two shells are separated
by a distance comparable to their thickness, the collision time is (see
Lazzati et al., 1999):

. #R A2,
=27 gy (211)
where *+ = ",/"1. Then, the collision radius is R; = ),ct.. Follow-

ing Lazzati et al. (1999) let’s assume anelastic collision, so that the
faster shell (m,,",), catching up the slower one (mq,";), forms the
merged shell system (M = my + m, + -/c%,"" ). Here - represents
the internal (random) energy of the merged shells. The dynamic of
the collision is regulated by the energy—-momentum conservation:

lllml + II2m2 —_ llmM

T T " (2'12)
1M)1+"omp)o = "mM)n

23



Chapter 2. The Fireball Standard Model
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Figure 2.2: Internal shock efficiency as a function of the ratio of Lorentz factor ”-.
Solid line represents the solution for shells of equal energy (*'1m;c? = "smyc?),
while dashed line represents the case of maximum efficiency with shells of
equal mass (Figure from Lazzati et al., 1999).

The final bulk Lorentz factor of the merged shells is (Daigne and
Mochkovitch, 1998):

<

Y1mg +om;
o+
1 2
A useful asymptotic limit adopted when deriving the last equation is
151772 ( 1$1/2"2. Moreover, assuming that all of the internal
energy - is converted into radiation, we obtain, independently of
the emission mechanism, an upper limit for the radiative efficiency

definedas / = w35

(2.13)

"m(1+"m)

/=1
MG

(2.14)

where > = my/m;.
In the further approximation of shells of equal initial mass (m; =
m, = m) Eqg.2.13 and Eq.2.14 reduce to:
+

"m= 1 (2.15)
and 0=
/:1$1+," (2.16)
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In this case, the efficiency depends on the relative speed of the col-
liding shells (as shown in Fig.2.2). Suppose also that the width of
the merged shell does not increase substantially during the merger
and that a single pulse of radiation is produced during one merger.
An observer located along the direction of the shells’ motion will see
a pulse whose duration is given by two contributions (e.g. Sari and
Piran, 1997; Kocevski et al., 2007):

(1) the curvature timescale tey v due to the different travel paths of
photons emitted simultaneously by the spherical surface
Re¢
tcurv = P (217)
2c"'2,
Here, a spherical shell with an angular scale larger than ";?]1 has
been assumed;

(if) the merging timescale tmerge, i.. the difference of arrival times
of photons, emitted along the line of sight, during the time nec-
essary for the two shell to cross one another (also accounting
for the relativistic Doppler effect);

#R 7.

t = — 2.18
merge c 2%1 ( )

For small ”+ this timescale is of the order of #R/c.

Therefore, the duration in the rest frame of the source is #t = toyry +
tmerge- Within the standard model, fireballs are commonly assumed
to be ultrarelativistic thin shells with ”. ** 2 (e.g. Rees and Meszaros,
1994) so that R; ™ #R. As a consequence the main contribution to
the pulse duration is due to the curvature effect.

The typical case has ”- # 2(5), corresponding to a very low ef-
ficiency / # 5%(20%). Thus, IS allows to dissipate only a small
fraction of the total kinetic energy acquired during the acceleration
phase. Most of the kinetic energy is conserved into the merged shell
and will be eventually dissipated through the interaction with the
interstellar medium. More sophysticated estimates (e.g. Kobayashi
et al., 1997; Kumar, 1999; Maxham and Zhang, 2009) of the radia-
tive efficiency of internal shocks (also considering the fraction of the
bolometric energy dissipated within the observer frame band of a
given detector) produced by shells with possible different bulk Lo-
rentz factors’ distributions, agree on a typically small radiative effi-
ciency (but see Beloborodov, 2000).
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2.5 External shocks

As the fireball interacts with the Inter Stellar Medium (ISM) it starts
to decelerate and a strong forward shock also forms and propagates
through the ISM. These are the so—called external shocks (ES) which
similarly to IS, accelerating the electrons and amplifying the mag-
netic field, produce, via synchrotron, the GRB afterglow emission.

According to Ghisellini et al. (2010a) the behavior of the afterglow
bolometric luminosity, assuming the fast—cooling regime (indepen-
dently of the emission mechanism), is:

Liso t2"8n (219)

Therefore, dynamic strongly depends on the density profile n of the
ISM and it may change from one collision to another one. For a
homogeneous medium (n = const), during the deceleration phase
(t > tge), " t$3/8 5o that Lig, t2"8  2t¥3 31, The flux
decreases with time in agreement with the observed afterglow light—
curves. In the case of wind profile ISM (n R%2) Eq.2.4 gives "
R$$1/2 and since R = 2"*2ct, EQ.2.19 results in the same scaling Liso
t>1,

However, within the ES model, there is also the possibility to
produce pulses when, for instance, the expanding relativistic fire-
ball collides with extended over-density regions (e.g. Dermer and
B#ttcher, 2000), at rest with respect to the central engine. The exact
effects of these regions on the fireball dynamics have been studied
recently by Nava et al. (2013) and specifically considered for their
emissivity in specific bursts (e.g. Lazzati et al., 2002). The main
difference with respect to the IS case is that the shell now collides
with targets (the clumps) at rest so that the dissipation is by far
more efficient. Assume that such CBM clumps (having a shell-like
structure) have width #L and are distributed at increasing distances
from the central engine. We consider that such over—densities are
superimposed to a generic density profile n = ngR®” (> "" 0 -
Panaitescu and Kumar 2000; Chevalier and Li 1999). If the clumps
are extended enough (with dimension similar or grater than the jet
aperture), the duration of the pulses will be dominated by the cur-
vature term (see Eq.2.17), scaling with the collision radius which in-
creases linearly with time. Even considering the dynamic effect of
deceleration (Eg.2.4), the leading term in the pulse duration is due
to the curvature effect (if the dissipation radius is larger than #L).
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2.6. Synchrotron emission

Computing the radius R of fireball at a time t, we derive the expres-
sion of the pulse duration:

R .

#t 20" (R)? @)t (2.20)
Therefore, considering the ES scenario of a shell decelerated by the
CBM where pulses are due to over—densities encountered along its
path, the pulse width #t should increase linearly with time. The
application of these arguments to real data will be the subject of a
specific chapter (Chp.9) where most of the content of a recently sub-
mitted paper will be presented.

2.6 Synchrotron emission

The synchrotron is thought to be the principal radiation mechanism
originating the GRBs emission (Rees and Meszaros, 1994; Katz, 1994;
Tavani, 1996; Sari et al., 1998; Paczynski and Rhoads, 1993). Such
radiation is expected to be produced by energized electrons accel-
erated to ultrarelativistic speed into strong magnetic fields. In this
section | will outline a simplified description of this radiative pro-
cess (Rybicki and Lightman, 1986; Ghisellini, 2013).

2.6.1 Single particle emission

The power emitted by an electron of mass m and charge e moving

at speed v in a magnetic field B can be expressed generalizing the
Larmor formula:

2e2 & 5 9 i 262 & 7
P=P =23 aj+ap =5 4 28+ ad (2.21)
+_
where ¢ is the electron charge, = 1/ 1%$)2 is the electron Lo-

rentz factor () = v/c) and the (not) primate quantities refer to the
(observer) comoving frame. The emitted power is Lorentz invariant
so we can take the advantage to work in the comoving frame. On
the contrary the received power is not the same in the two frames
and we must account for the relativistic transformations.

The Lorentz force acting on it is:

F=9¢ mv)zgv%B (2.22)

-7 dt
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Solving the equation of motion (Rybicki and Lightman, 1986) it
Is possible to obtain the acceleration components a, and ag which
substituted in Eq.2.21 give:

P(%) = 2*rcUg 2)?sin®Y% (2.23)

where *1 = 8,r2/3 = 6.65 % 10%2% cm? (ry = e2/mc? is the classical
electron radius) is the Thomson cross section, Ug 1 B?/8, is the
magnetic field density, and % is the so—called “pitch angle”, i.e. the

angle between v and B.

Assuming an isotropic distribution of pitch angles, i.e. a random
motion of the particles, we can average the term sin?(%) over the
solid angle obtaining:

P" = _*rcUg *)° (2.24)

wl

The fundamental frequency associated to this emission the the
inverse of the time occurring to complete one orbit:
_c)sinh _ eB &

&g = = = — 2.25
B 2, 2, mc ( )

where & _is the Larmor frequency, namely the gyration frequency for
sub-relativistic particles and the orbit radius, i.e. the Larmor radius
r_ con be easily derived by setting ag = vé/n_.

2.6.2 Single particle spectrum

There exists a typical frequency associated to the synchrotron pro-
cess. If the electron is relativistic, this frequency results the inverse of
the fraction of revolution period during which the observer receives
the radiation. This is not the inverse of the whole revolution period
(as the ciclotron case) because the radiation is strongly collimated in
the direction of the electron motion within a cone of semiaperture
1/ ( 7 1). At each orbit the observer receives the radiation only
for a small time interval. According to Rybicki and Lightman (1986)
this typical frequency is:

>, €B
2,mc

We expect that the particle emits most of its power at this frequency.
The power per unit frequency (integrated over the emission pattern)

& = = 3gg= 28 (2.26)
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Figure 2.3: Upper panel: function F(&/&) describing the single particle synchro-
tron spectrum. Lower panel: comparison between F(&/&;) and approximating
formulae indicated in the text. x 1 &/&c. Figure from Ghisellini (2013).
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emitted by an electron of given Lorentz factor and “pitch angle” %
Is:

" 3e3BsinY%
Ps(&, ,%) = s F(&/&) (2.27)
g " %
F(&/&) 1 & Ks/3(y) dy
878,
& 1 g&ssin%

where Ks/3(y) is the modified Bessel function of order 5/3. The
single particle spectrum thus depends upon frequency through the
function F(&/&) (see Fig.2.3). This function peaks at & ( 0.29&;. At
low frequencies it is well approximated by a power-law with slope

1/3 e
4. % 173

T3"(1/3) 2

while at high frequencies (& ¥ &) it exponentially decays and can
be approximated by

F(&/&:) $+ (& 2 &)

- . " #1/2
F(8&/8) $+ E 2 % ePW& (g > g)

An useful formula well approximating the spectrum at all frequen-
cies (but overestimating it a little around the peak) is:

4, N & #1/3
"3"(1/3) 2%

F(&/8c) # $sk

exp

All these arguments hold under the hypothesis that the energy
emitted by the single electron is sufficiently smaller than its total
energy so that the electron trajectory is not sensibly modified. There-
fore, we must have

2,r 2e
L< m?2=—B<

P S —
* e 2 5in %3*;

2.6.3 Emission from a distribution of electrons

In the previous sub-sections we defined the properties of the single
particle emission. now we are interested in the emission coming
from more particles. Let N( ) be the function describing the Lorentz
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function distribution of the electrons population responsible of the
synchrotron emission. This is typically assumed to be a power—law
distribution like

dE
N()=K = N(E)d_ min < < max (2.28)

In order to obtain the specific emissivity (i.e. the power emit-
ted per unit solid angle and frequency produced within 1 cm?3 of
source) of this distribution of particles, assuming that the distribu-
tion of pitch angles is the same for at every , we have to integrate
Eq.2.27 (related to the single electron) along with N( )

1 7 max

N( )Ps( ,&%)d
1, e NORCER) (2.29)
KB(p+1)/2&$(p$1)/2

-5(& %) =

A Lorentz factor power-law distribution implies a power—law spec-
trum and the slopes of this two functions are correlated. Writing
-s &% wehave’ = (p$1)/2

The synchrotron flux received from a homogeneus and optically
thin source of volume V. R® at a luminosity distance d is:

Fs(&) =4, 's(&)4 de
- O

R kBt ¥
d2
L

W2RKBM &%

(2.30)

where % is the angular dimension of the source. Observing the
source at two different frequencies allows to determine ” and, con-
sequently, the slope p characterizing the particle distribution. More-
over, if R and the distance are known, the normalization only de-
pends on the particle density K and on the magnetic field intensity
B. Thus, we need a further relation (provided by the self-absorbed
flux) to close the system and find the two unknowns K and B.

Synchrotron self-absorption

All emission processes have their absorption counterpart. in the
case of a non-thermal particles distribution (i.e. power-law like) we
need, in principle, to calculate the Einstein coefficients linking the
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Chapter 2. The Fireball Standard Model

spontaneous and stimulated emission and “true” absorption. How-
ever, an alternative way exists.

We can think to our power law energy distribution as a super-
position of Maxwellians at different temperatures. In this way, the
electron energy mc? and the typical energy kT of the Maxwellian
are related. Assuming that a particular frequency & is preferentially
absorbed by those electrons that can emit it, we have:

kKT # mc2# mc? —
&L

177

Taking advantage of the definition of the brightness temperature Ty,
of a source we can write the intensity as

& ¢¢1/2 &5/2

&2
1(&) 1 2kT 2 # 2mé? —

m 72 (2.31)

Note that the spectrum is  &%/2, not &2, as a consequence of having
different (fake) temperatures. Moreover, the result does not more
depend on the electrons density: greater the number of particles
grater the emission and also greater the absorption. Even the slope
p IS N0 more important.

The above is valid as long as we can associate a specific to any
&. If we can not do this we can not associate different temperatures
to different frequencies. In this case we recover the self-absorbed
intensity 1(&) &2 (i.e. Raleigh-Jeans like).

The expression of the flux is simply obtained integrating the in-
tensity over the angular dimension of the source, obtaining:

&5/2
Bl/2

F(&) %2 (2.32)
The observation of a self-absorbed source of known angular size
should allow us to derive its magnetic field even without knowing
its distance

Ghisellini and Svensson (1991) computed the synchrotron self—
absorption cross section:

& _ . _ -’
3, *tBcXx X X
& )= = K2, 5 BKis 3 (2.33)

0°FB °

where "¢ = 1/137 is the fine structure constant, B, = *g(mc?/r3)1/2
3 4.4 % 1013 G is the critical magnetic field (for B " B, the quan-
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2.7. Inverse Compton emission

tum effects become important). The optical depth $;(&) for synchro-
tron self-absorption is obtained integrating the cross section *s(&, )
with the particle density distribution N( ) overd and multiplying
it for the thickness #R of the emitting region. The self-absorption
frequency &, is obtained for $5(&) = 1.

2.7 Inverse Compton emission

When a relativistic electron has an energy greater than the typical
one associated to the photons in which is moving, it is possible to
have a transfer of energy from the electron to the photons. This pro-
cess is called Inverse Compton scattering to distinguish it from the
direct Compton scattering, in which the electron is at rest, and it
Is the photon to give part of its energy to the electron.. It is not a
proper emission but rather the re—processing of the kinetic energy
of the electron into radiation. For this reason the resulting emission
will also depend on the characteristic of the pre—existent radiation.

If the energy of the incoming photon (h&, measured in the frame
K> comoving with the electron) is lower than the rest energy of the
electron (h& 2 mc? 3 511 keV) we are in the Thomson regime in
which the cross section is the Thomson one *t and the recoil of the
electron can be neglected. In the opposite case (h& > mc?) we are
in the Klein—Nishina regime in which the cross section rapidly de-
creases as the frequency of the photon increases.

2.7.1 Single particle emission

in the frame K’ comoving with the electron the energy of the incom-
Ing photon is:
X=X (1$)cos") (2.34)

where ** (Fig.2.4) is the angle between the electron and photon direc-
tions of motion. If x» 22 1 we are in the Thomson regime. In the rest
frame K the photon energy after the scattering x'1 will be the same
it had before the scattering:

X1 =X

"*, is the angle of the outgoing photon (Fig.2.4). The scattering in
the comoving frame K- is a re-isotropization process: even if the
incoming photons are all coming from the same direction, after the
scattering they are distributed quasi-isotropically.
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e -
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"
Lab Frame K * Rest Frame K’

Figure 2.4: In the rest frame K the electron has velocity v. This forms an angle *
with the incoming photon of frequency &. In the comoving frame K the photon
has a frequency & and forms an angle *** with the direction of motion of the
electron.

In the rest frame K the observer will see an energy:

. = x 1$)cos™
L7 M1 $)cos™;
We have the maximum for the energy when ** = , (head-on

collision) and **; = 0 (the photon is scattered along the electron di-
rection of motion). In this case:

1+) 2
X1 = X 34 “Xx
1 15)
The minimum is for ** = 0 (tail-on collision) and **; = ,. In this
case: 1$)
X
= 3
X1 Xl +) 72

For an isotropic distribution of photons and assuming < 1 the
average energy after the scattering is:
4

X" =2 %x (2.35)
3

If we assume an energy density U,,q associated to the radiation,

the power emitted through the IC scattering is (Rybicki and Light-

man, 1986):

P" = _*1cUaq 2)2 (2.36)

wl >
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2.7. Inverse Compton emission

that is identical to Eq.2.24 obtained for the synchrotron emission.Such
relation can be expresse in a more intuitive way multiplying and di-
viding for the average energy of photons after the scattering hé&":
.*collisions# U # "4 #
pr= """ (average energy) = *rc—129 = > phg" ?

s h&' 3
(2.37)

2.7.2 Single particle spectrum

Let’s assume that the incoming radiation (in the comoving frame
K*) is monochromatic with intensity |I. The exact derivation of the
spectrum made in Rybicki and Lightman (1986) and in Blumenthal
and Gould (1970) lead to the following result:

109 — 1o (x g5 x0) (2.38)

X X

where | (x)/x is the specific intensity. For n electrons per cm? then
the emissivity is:

*tnlp(1+))

4 2)2XO FIC(Xl) (239)

-ic(Xy) =

where the function F¢c (Fig.2.5) contains all the dependence on the
frequency:

%
X1 1 1 X1

_ X1
FIC(Xl)—X_O o P ) 2 W<X_o<l

In this range the function corresponds to the down-scattering:
after the scattering the outgoing photons have less energy than the

incoming ones. In this case Fic(x1) X2,

%

X1 1 1< < (1+))? 2

_X1
Feba) =30 1 @ )z 2 X

In this other case, instead, the function corresponds to the up-
scattering: Fic(X1)  Xj.

The average frequency of the energy spectrum is x;" = 2 2xq
while x;" =4 ?xq/3 for the photon spectrum.
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Figure 2.5: Inverse Compton spectrum emitted by electrons having different
moving in a monochromatic radiation of frequency Xy. The dashed line corre-
sponds to te spectrum emitted within the beaming cone % # 1/ (it contains
the 75% of the emitted power independently from the value of ). X; < Xp
correspond to the down-scattering regime (photons lose energy in the pro-
cess). For * 1 Fc(x1) x% (down-scattering regime) and Fc(x1) X
(up-scattering regime). Figure from Ghisellini (2013).

2.7.3 Emission from a distribution of electrons

The single particle spectrum is peaked and the typical frequency is
amplified by a factor 2 (as the synchrotron case). It is possible thus
to derive the emissivity for the Inverse Compton scattering in the
same way adopted for the synchrotron case (see previous section).
Let N( ) be the function describing the distribution of Lorentz fac-
tor of the isotropic population of electrons:

dE
N()=K $p = N(E)d_ min < < max (2.40)

Assuming, for the sake of simplicity, that also the photons in
which electrons are moving are isotropic and monochromatic (with
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2.7. Inverse Compton emission

Log v

Log v,

Figure 2.6: Limits of integration in Compton emission computation. Figure from
Ghisellini (2013).

frequency &g) the emissivity can be expressed as:

Ha»

Urad & $
& &

Even in this case we obtain a power-law whose slope con be re-

lated to the index p characterizing the electrons distributions through

7= %$1 (the same relation holds for the synchrotron). This is not
a coincidence, in fact, this happens because both the emission pro-
cesses spectra are peaked at a typical frequency that is a factor 2
greater than the starting one.

Consider now the more realistic case in which the seed photons
are not monochromatic. We have to integrate Eq.2.41 over the fre-

quency distribution of the seed photons.

1 (4/3)°

oK (2.41)

(&) =

’ , 7 &max
1 (4/3) *TCK&C$ Urad (&)

& d& 2.42
4 ? 2 &min & ( )

'(&C) =
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Chapter 2. The Fireball Standard Model

where U,.4(&) [erg cm®3 Hz®1] is the specific radiation energy den-
sity at the frequency &. . Interestingly, if the electrons population
producing IC emission is also producing synchrotron emission then
the slopes of the two spectra are the same. More specifically, when
U,aq(&) is made by synchrotron photons, then U,,4(&) &% and
the result of the integral will be In(&max” &min)-

The correct limits of the integration depend, in principle, on &
(see Fig.2.6). Assuming that the seed photon frequency distribution
extends from &; to & and that inh and max are the minimum and
maximum energies of the electrons distribution, Fig.2.6 shows the
right limit on &max and &min. Following Ghisellini (2013) we define
&1 = (4/3) ?nin&la &2 = (4/3) rznin&Z, &3 = (4/3) ?nax&l, &ea =
(4/3) 2 .,.8. There are four possible cases:

Case (1)
&min = & if&c1 < & <min(&:2,8&3) (2.43)
&max = 3&0/(4 r2nin) g o |
(2.44)
Case (2)
&min = & 8, < & < & (2.45)
&max = & ‘ ’ |
(2.46)
Case (3)
&min = 3&/ (4 ?nax i85 < & < & (2.47)
&max = 3&c/(4 r2nin) ’ ’ |
(2.48)
Case (4)

&min — 3&(:/(4 r2nax
&max = &

ifmax(&c 2, 8c3) < & <&a (2.49)
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CHAPTER

The luminosity function and formation rate
of GRBs

3.1 Introduction

One of the first issues about GRBs concerned the description of their
population in terms of physical properties and spatial distribution.
It was early realized that the knowledge of their distance scale (i.e.
whether galactic or cosmological), given the observed fluxes, had
very different macroscopic implications on their luminosities and
energetics.

At the beginning, coarse sky localizations were obtained only
for the brightest events and no counterpart was identified through
which to measure the distance of the event. The Compton Gamma-
Ray Observatory (CGRO), launched in 1991, was equipped with the
Burst and Transient Experiment (BATSE) detector for GRBs. One of
the most famous results of BATSE is the evidence of an isotropic sky
distribution of GRBs (see Fig.3.1 — CGRO/BATSE team). No singifi-
cant clustering was found even considering possible flux classes (as
shown by the color coding in Fig. 3.1). This result was considered,
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Chapter 3. The luminosity function and formation rate of GRBs

2704 BATSE Gamma-Ray Bursts

Fluence, 50-300 keV (ergs cm™)

Figure 3.1: Sky distribution of 2704 BATSE GRBs (CGRO/BATSE team). Different
colors refer to different values of fluence (see the colorbar)

In some scientific discussion, as an evidence supporting the cosmo-
logical origin of GRBs but yet the evidence was not conclusive as
also a local (close by) distribution of soruces within a sphere of ra-
dius comparable to the Galactic scale height could produce such an
isotropic sky distribution.

There are two classical method for studying the homogeneity of
the spatial distribution of astrophysical sources.

1. The cumulative flux distribution (i.e. so—called log(N) $ log(F)
distribution). The number of objects distributed within a cer-
tain radius r increases as N(< r)  r3. Since the observed flux
F  r%2 the number of sources with flux >F are N(> F)
F$3/2 Considering BATSE GRBs, the flux distribution (Fig.3.2)
is consistent with a slope $3/2 at high fluxes (dashed line in
Fig.3.2), as expected for sources homogeneously distributed in
an Euclidean space. Howecer, at lower fluxes, the distribution
appears shallower (Pendleton et al., 1996, see Fig.3.2). Note
that at the beginning the log(N) $ log(F) distribution was de-
rived considering the fluence S (flux integrated over the burst
duration), but it was soon clear that the use of the fluence in-
troduces selection effects (Fishman and Meegan, 1995). In fact
the peak flux can be more directly related to the trigger criteria
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Figure 3.2: log(N) $ log(F) distribution of BATSE GRBS (Pendleton et al., 1996).
The dashed line is the reference dependence N P$3/2

typically employed by GRB detectors.

2. A second and more direct way is to find the average value of
the ratio V/Vmax (Schmidt, 1968; Schmidt et al., 1988), where V
and Vmax are the volume of space enclosed by the distance of
the source and the maximum volume of space enclosed by the
maximum distance at which the source could still be detected
(given an instrumental flux threshold), respectively. For ob-
jects homogeneously distributed in a Euclidean space, the value
of V/Vmax should be uniformly distributed within the inter-
val [0, 1] with the mean value V/Vmax'" = 1/2. Conveniently
enough, since this test directly uses the count rate threshold for
each burst, it avoids errors in conversion from counts to fluxes
and allows to combine samples of objects detected with differ-
ent instrumetns. Paciesas et al. (1999) using 911 GRB of the re-
vised fourth BATSE catalog found V/Vmax'" = 0.33 0.01.

There is also another advantage in using this method. The ratio
V /Vmax computed through the count rate does not explicitly depend
neither on the distance of the source, neither on the portion of the
sky covered by the instrument. This fact allows to combine infor-
mation coming from different instruments. If the source distance is
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Chapter 3. The luminosity function and formation rate of GRBs

known the V/Vmax can be computed directly.

The combined evidences of the isotropic sky distribution, of the
flux distribution and of the classica V/Vmax test suggest either that
we are near the center of an isotropic distribution of burst sources
whose space density decreases with distance or that the sources are
at cosmological distances.

In order to solve this debate it is necessary to directly measure
the source distance. With the detection of the X and optical after-
glow emission (Costa et al., 1997; van Paradijs et al., 1997), the first
redshift measurements were obtained and GRBs were definitively
proven to be cosmological sources with large isotropic equivalent
luminosities exceeding, in a few cases, 10°* erg/s. Recently, the pin-
pointing of the GRB afterglow, made available by the fast slewing of
the Swift satellite (Gehrels et al., 2004), combined with the intense ef-
forts to acquire early time optical spectra from the ground, allowed
us to measure the redshifts z of GRBs with an average efficiency of
30%. GRBs with measured z are distributed from the local Universe
up to very high redshift: GRB 090423 (with a spectroscopic z = 8.2
Salvaterra et al., 2009a; Tanvir et al., 2009) and GRB 090429B (with
photometric redshift z = 9.4 Cucchiara et al., 2011) represent the
furthest objects of stellar origin known to date.

The intensity distribution (typically represented in the log(N) $
log(F) distribution form) is what we observe as the combination of
two fundamental intrinsic properties of the population of GRBs: (a)
the cosmic formation rate "*(z) (GRB formation rate GRBFR, here-
after), representing the number of bursts per unit comoving volume
and time as a function of redshift, and the luminosity function #(L)
(LF), which represents the relative fraction of bursts with a certain
luminosity. Here, with #(L) | will refer to the luminosity probability
density function (PDF) defined as dN(L)/dL/ Not.

However, these intrinsic functions can not be “directly” derived
from the observed luminosity and redshift distributions (see Fig.3.3).
Fig.3.3 shows the luminosity and redshift cumulative distributions
of short (red) and long (blue) GRBs as obtained collecting all the
bursts with measured z and for which L can be derived. While the
different average redshift of short and long GRBs and their different
luminosity finds possible interpretations in the different progenitor
nature and energy content available for the two classes, it is clear
that these distributions are subject to several selection effects. For
Instance, the lower luminosity of short GRBs makes their detection
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Figure 3.3: Luminosity (insert) and redshift distributions for long (blue solid line)
and short (orange dashed line) GRBs.

strongly dependent on the instrumental sensitivity of current and
past GRB detectors. Additionally, always for what concerns short
bursts, the lower luminosity (with respect to long ones) makes their
localization less efficient and therefore the number of measured z
less uniform. For these reasons we need a method to reconstruct,
starting from the observed distributions of luminosity and redshift,
the intrinsic ones possibly accounting for the selection biases we can
model. The final goal consists in describing the population of GRBs
is to reconstruct the #(L) and "*(z) adopting specific methods (see
Chp.4).

3.2 General theoretical model

Thanks to the direct measure of the redshift it was possible to esti-
mate the instrinc physical quantities (luminosity, total energy, true
duration, .. .) starting from the observables (flux, fluence, duration,
...). One of the key properties of GRBs as a cosmological popoula-
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dQ dS

D —r &>

dr

Figure 3.4: Infinitesimal volume element dV at a distance D within the solid angle
d&.

tion of sources (among the most luminous and farthest ever known)
Is their luminosity function. Additionally, their possible origin and
role within a wider cosmological context can be explored if one knows
also their intrinsic redshift distribution. In the following | will present
the general (simplest) equations that related these two intrinsic pro-
perties to the observables.

The number of GRBs in a certain infinitesimal volume can be de-
rived as follows. With reference to Fig.3.4, let dS be the portion
of sky observed within a solid angle d& at the distance D and dr
the thickness of the shell where the objects we dare to coint are
distributed. The infinitesimal volume element is dV = dSdr and,
since d& = dS/D?, it reads dV = d&D?dr. For the entire sky
dV =4, D?dr.

In the local Universe (well approximated by a Euclidean space),
the redshift and the distance of a source are linked through the Hub-
ble relation so that D = cz/Hg (Hg is the Hubble constant). When
the source is at larger distance (higher redshift) it is necessary to
consider how the Universe expanded in the time interval elapsed
during the travel of photons. In this case, the luminosity distance is:

> 7 cdz c *7? dz
+ ——— =(1+2)— -
Duz) 1 (1+2) o H() (1+2) Ho 0 &n(l+2)3+ &-
(3.1)

In this thesis | will always assume a standard flat cosmology with
Ho = 70 km s$1Mpc®!, & - = 0.7, &, = 0.3.

In first approximation dr = cdz/H(z) so we can write the in-
finitesimal element of comoving volume as

cdz

dV(z) =4, D%(2) 1)

(3.2)
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For each source it is convenient to define the comoving volume V,
I.e. that part of the Universe nearest to the source at the current
epoch. The comoving cubic giga parsec (Gpc)® volume is defined as
that fraction of the Universe which, when expanded to the present
cosmic epoch, fills one cubic giga parsec of the current Universe.
If we are interested in knowing how GRBs are distributed in func-
tion of their redshift we need to evaluate
dN _ dNdV
dz  dV dz
If we consider, for simplicity, that GRBs have a unique luminosity
L, the total number of observed burst which have (in the observer
frame) a flux larger than a certain threshold flux R, (fluxes are in-
tended as defined over an energetic band #E = [E;, E,] in the ob-
server reference frame) is:

(3.3)

* 2(L,Rim) dN dV
N(> Fim) = . av daz dz (3.4)

The maximum redshift at which it is possible to observe an object is
a function of L and F;;,, and it is defined by the relation F;,K(z) =
L/(4,D?%(z)). The factor K(z) corrects the observed flux into the
bolometrlc one, i.e. integrated over all the frequencies. In practice,
integration over the rest frame energy range [1, 10*] keV ensures to
approximate reasonably well the bolometric flux given the typical
0.5 MeV peaked GRB spectra.

/ 10%/(1+2)
K@) = 2
£ EN(E) dE

EN(E) dE
(3.5)

where N(E) is the observed photon spectrum.

The luminosity function #(L) (defined as a PDF) and define Ny
the true (unknown) number of GRB in the Universe. The number
of GRBs within in a certain luminosity interval N(L1, L,) can be ob-
tained multiplying the true number for the probability to observe a
GRB with L 4 [L4, Ly].

1|_2

N(Lq, L2) = PNy = Ny #(L)dL (3.6)
L1
Now, combining Eq.3.4 and Eq.3.6 we obtain:
* Z(Lmax,Fim) * Lmax dN dV
N(> Fim) = #(L) 5y (3.7)
0 Liim (Fiim.2)

45



Chapter 3. The luminosity function and formation rate of GRBs

The associated rate of events can be obtained deriving this equation
and taking into account the relation between the observed time t and
the comoving one t.. Since t = (1 + z)t; then

dN(> F“m) 7 Z(Lmax,Fim) * Lmax #( dNy dVv

L :
dt 0 Liim (Fiim,2) )dV(l + z)dt. dz 4z 5.8)

"*(z) 1L dNy/dVdt; is defined the cosmic GRB formation rate, i.e. the
true number of burst per unit of comoving volume and time.

Finally, considering an instrument with threshold flux F;.,, a field
of view &, operative for an observational time T, the number of de-
tected GRBs can be write as:

* Z(Lmax,Fim) * Lmax b
&T l #(L) (z) dv

> . = _
N(> Fiim) 4, o Lim (Fiim 2) (1+2z)dz

(3.9)

This is the typical approach of source counts adopted to link the ob-
servations, e.g. the flux distribution of the population GRBs detected
by a given instrument above its limiting threshold, and their intrin-
sic properties, i.e. the luminosity function and redshift distribution.
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CHAPTER

Reconstructing #(L) and **(z) of GRBs

Recovering the cosmic formation rate **(z) and the luminosity func-
tion #(L) of GRBs allows us to test the nature of their progenitor
(e.g. by a comparison with the cosmic star formation rate) and to
study the possible presence of sub—classes of GRBs at the low end of
the luminosity function.

These two functions were derived for the population of long GRBs
(e.g. Daigne et al., 2006; Firmani et al., 2004; Guetta and Della Valle,
2007; Salvaterra and Chincarini, 2007; Salvaterra et al., 2009b, 2012;
Wanderman and Piran, 2010; Yu et al., 2015a; Petrosian et al., 2015)
through different methods and samples of bursts. For the popula-
tion of short GRBs, instead, these functions have been less securely
constrained (e.g. Nakar et al., 2006; Berger, 2014; D’Avanzo et al.,
2014; Guetta and Piran, 2006, 2005) because of the limited number of
bursts with measured redshifts.

The typical approach consists in combining the **(z) and #(L) (as-
sumed or known) to derive the flux distribution of the population of
GRBs observable by a given detector, knowing its instrumental pa-
rameters (see Cap.3 Sec.3.2 EQ.3.9). Then, assuming functional forms
for **(z) and #(L), it is possible to constrain their free parameters by
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fitting the model flux distribution to the observed one. The number
of free parameters, if both #(L) and **(z) are to be constrained, can
be large when only the flux distribution of the population is used as
a constrain (but see e.g. Ghirlanda et al., 2016). This is the reason
why the formation rate is usually fixed a priori. One possibility for
long bursts is to assume that, based on the massive collapsar progen-
itor scenario, the cosmic GRB formation rate traces the cosmic star
formation rate, i.e. "*(z) "'(z). Among the most accepted models
for **(2) is the one proposed by Li (2008). It is an extension at higher
redshift of the model of Hopkins and Beacom (2006). Its functional
form is based on the cosmic star formation rate of Cole et al. (2001)

s N atbz
(Z)_1+(z/c)d

where (a, b, ¢,d) = (0.0157,0.118, 3.23, 4.66).

For short bursts, instead, since it is believed that the progenitors
are likely compact object binary mergers (NS-NS or NS-BH; e.g. Gi-
acomazzo et al., 2013), it is assumed a delayed cosmic star formation
rate. In such a case the short GRBFR is given by the convolution of
the cosmic star formation rate with the distribution P, ($) of the de-
lay time $, i.e. "*(z) "' (2) 5P($). This delay, tipically modeled
with a power—law distribution with a minimum delay time (Piran,
1992), represents the time needed for the progenitor binary system
to merge.

If **(2) is fixed a priori, the approach described above allows us to
to derive the free parameters of the luminosity function #(L) by fit-
ting the flux distribution of large, statistically significant, sample of
observed GRBs. Then, the assumed **(z), combined with the LF, is
tested by computing the expected redshift distribution and by com-
paring it with the observed one of a sample of bursts with measured
Z.

The simplest hypothesis is to assume the luminosity function #(L)
to be independent from the redshift, but it does not provide a good
representation of the observed redshift distribution. However, evo-
lutionary scenarios are also considered: either the luminosity func-
tion or the GRB formation rate are allowed to change with redshift
(Salvaterra et al., 2012; Daigne et al., 2006; Salvaterra and Chincarini,
2007; Salvaterra et al., 2009b; Qin et al., 2010; Wanderman and Pi-
ran, 2010; Firmani et al., 2004; Guetta et al., 2005; Virgili et al., 2011a;
Natarajan et al., 2005; Butler et al., 2010; Campisi et al., 2010; Virgili

(4.1)
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et al., 2011a; Robertson and Ellis, 2012). This kind of assumption
Is reasonable because the redshift distribution of GRBs is not uni-
form. In the case of luminosity evolution, the luminosity of GRBs
may be simply parametrized (given the unknown a priori nature
of this dependence from z) as L(z) = Lo(1 + 2)¥ (luminosity evo-
lution scenario). The luminosity function at a particular redshift z
can be constructed adopting the same functional formasatz = 0
and evolving all the luminosities, i.e. #(L,z) = #(Lo(1 + 2)X). Al-
ternatively, the GRB formation rate **(z) may be evolving with red-
shift with a similar analytic dependence "*(z) ""+(z)(1 + 2)? (den-
sity evolution scenario). These two possibilities represent our lack
of knowledge of the properties of the GRB population which may
have changed (evolved) upon cosmic epochs. This means that the
progenitor physical characteristics evolve with z (producing for ex-
ample brighter GRBs at higher z) and/or that the GRBFR varies in
normalization with respect to the cosmic star formation rate. Hy-
brid models, mixing both kind of evolution (i.e. in luminosity and
in density), are possible in principle, even if it is preferable to test
these two scenarios independently due to the degeneracy (see e.g.
Salvaterra et al., 2012)..

The method described above is what we consider an indirect method.
It has been recently applied to long GRBs by Salvaterra et al. (2012).
They find, using a complete sample of GRBs detected by Swift (see
sub-sec.4.1.2), that either a luminosity evolution with k = 2.1 0.6
or a density evolution withd = 1.7 0.5 can reproduce the flux dis-
tribution of BATSE bursts and the redshift distribution of the Swift
complete sample. However, even if they cannot discriminate be-
tween these two scenarios (as previously mentioned), the indication
Is that GRBs must have experienced some sort of evolution implying
either that they were brighter and/or in larger number in the past.

While the possible evolution of the LF or of the GRBFR with red-
shift is still a matter of debate, there seems to be a general consensus
on describing the LF of long GRBs as a power-law, eventually with
a break at some characteristic luminosity:

o)
B Y
2 L7 Lel
#L) .- 4.2)
3 L7 L>,

where L, represents the break luminosity and a and b are the slopes
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of the power-law below and above the break, respectively. Sal-
vaterra et al. (2012) find a = 0.74g}35, b = 1.92g017, Ly = 5.5557 %
10°° erg/s in the case of the luminosity evolution scenario (param-
eters refer to LF at z = 0) and a = 1.5g035, b = 2.32g035, Ly =
3.8595 % 102 erg/s in the case of the density evolution scenario.
Similar results (a = 1.52, b = 2.00, L, = 10°2° erg/s) are obtained
by Jakobsson et al. (2012). Howvell et al. (2014) derive a smaller low
luminosity index a = 0.95 0.09 and consistent b = 2.59 0.93,
L, = 0.8 0.43% 10°? erg/s.

For short GRBs, the LF is typically modeled as a single or bro-
ken power-law, and in most cases it is found to be similar to that
of long GRBs (i.e. proportional to L®¥! and L%$2 below and above a
characteristic break luminosity of the order of 1051%52 erg/s; Guetta
and Piran, 2006; Salvaterra et al., 2008; D’Avanzo et al., 2014, Virgili
et al., 2011b) or even steeper (L¥2 and L®3; Wanderman and Piran,
2015).

The indirect method relies on assuming a parametric form for
the luminosity function and the formation rate. There are, how-
ever, non—-parametric methods that allow to directly determine #(L)
and "*(z) independently from a specific assumption of their analytic
form. In the next sections | will outline these methods.

4.1 The C® method

In this section | will describe the nonparametric statistical C® method
as originally proposed by Lynden-Bell (1971). This work was moti-
vated by the will to study the luminosity function of quasars (in the
3CR sample) accounting for selection effects. Given the similarity in
the observational bias affecting flux—limited samples, this method
has been applied to GRBs by e.g. Yonetoku et al. (2004, 2014); Ko-
cevski and Liang (2006); Wu et al. (2012) and more recently by Yu
et al. (2015a); Petrosian et al. (2015). | have implemented and used
this method to derive the properties of the long GRB population and
present my main results in Sec.5. In the following sections | will de-
scribe the method and discuss its main advantages and limitations.
Faint sources can only be seen nearby and bright objects, for a
typical decaying luminosity function, are rare. Therefore, we should
account for the relative significance of these two type of sources pop-
ulating the extremes of the flux distribution of a given sample of
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events. Even more so in case we consider a complete sample of ob-
jects. Thus the luminosity function cannot be derived simply deriv-
ing the observed luminosity distribution. The problem is even more
complicated if density of objects varies along the line of sight in an
unknown manner.

Hence, the C® method is based on two important requirements.
First, the truncation limit below which no observations can be made
must be well known. Second, the parent distributions can only be
estimated assuming the independence between the luminosity and
the redshift (this is, in general, a limitation of all non—parametric
techniques that rely on the assumption of stochastic independence).

Before applying this method, it is necessary to determine the de-
gree of correlation between the two variables L and z and then pro-
duce an uncorrelated data set by “de—evolving” the luminosities.
Once obtained the uncorrelated sample, it is possible to apply the
Lynden-Bell C® method to derive the luminosity function (of de-
evolved luminosities) and the GRB formation rate.

In order to estimate the degree of correlation of the luminosity
with redshift induced by the flux in a flux-limited sample Efron and
Petrosian (1992) proposed a non—parametric test, which is based in
part on the C® method. I will explain this test in the subsection 4.1.1
while now I will focus on the description of the C® method.

Under the assumption that the luminosity function #(L) is of the
same form at all points along the line of sight but with a normal-
ization that varies as the number density, the comoving number of
GRBs with luminosity from L to L + dL, in the redshift bin betweenz
and z + dz, can be written as

dN(L, z) = D(z2)#(L)dLdz (4.3)

where D(z) = "'(2)[dV(2)/dz]/(1 + z) is the comoving number
density (see Sec.3.2 EQ.3.8). Given a certain a sample of GRBs (with
known L and z) selected adopting a well defined l