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Abstract

Gamma Ray Bursts (GRBs) are short and intense flashes of γ–rays
with typical energies between keV and a few MeV. They reach lu-
minosities (assuming isotropy) of 1054 erg/s. The γ–ray emission,
called “prompt”, is highly variable (with timescales as short as few
milliseconds) and can last a fraction of a second (short GRBs, T90 < 2
s) or few tens of seconds (long GRBs, T90 > 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 ψ(z) (GRBFR) and their luminos-
ity function φ(L) (LF). Recovering ψ(z) and φ(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 GRBswithmeasured redshifts are affected

by several selection effects and cannot be used directly to infer ψ(z)
and φ(L). Specific methods accounting for such biases should be
adopted. Most of the past studies adopted either heterogeneous
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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 I worked on deriving the luminosity function and

formation rate of the population of short and long GRBs. For long
GRBs I studied the C− method (Lynden-Bell, 1971), originally ap-
plied to quasars and recently to GRBs. Thismethod 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, I 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
φ(L) is a broken power–law with slopes a = −1.32± 0.21 and b =
−1.84± 0.24 below and above, respectively, a break luminosity Lb =
1051.45±0.15 erg/s. These results are in agreement with those already
obtainedwith differentmethods reported in the literature, but I found
that, at oddwith recent claims obtainedwith 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), φ(L) and ψ(z) have
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been derived in the past by several authors through small/incom-
plete samples of events withmeasured 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. φ(L), ψ(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, I col-
laborated to a project (Ghirlanda et al., 2016) where we derive φ(L),
ψ(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 φ(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 φ(L) and ψ(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× 1052 erg s−1 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 ∝ τ−1. 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 1047 erg/s to 1050 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−1 with their jet pointing towards
the Earth and detectable as γ–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 〈θjet〉 ∼ 9◦–17◦. The luminosity function im-
plies a prompt emission average luminosity 〈L〉 ∼ 1.5× 1052 erg s−1,
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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 I
studied how the luminosity function of GRBs is affected by the struc-
ture of their jets (Pescalli et al., 2015). The jet of GRBs can be uniform,
with constant energy per unit solid angle within the jet aperture θj,
or it can be structured, namely with energy and velocity which de-
pend on the angular distance from the axis of the jet. I 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 〈θj〉 = 3◦ and bulk Lorentz factor 〈Γ〉 = 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 ∝ θ−k with k ≥ 4 (best fit for k ∼ 8). The
“classical” E ∝ θ−2 structured jet model (Zhang andMészáros, 2002;
Rossi et al., 2002) is excluded. In this work I showed also that low
luminosity (LL – 1046−48 erg/s) and high luminosity (HL – L ≥ 1050

erg/s) bursts can be described by a unique luminosity function sug-
gesting that they belong to the same population.

Theworks described above consider only the population of bright
GRBs detected in the γ–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 OrphanAfterglows (OA –
i.e. afterglows with an extremely weak or undetected prompt emis-
sion). OAs should outnumber (by a factor ∼ 2/θ2j ) the current pop-
ulation of bursts detected in the γ–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 themm/Radio band. We find that up to∼20 OA yr−1 could
be observed by the ZTF survey and a larger number of∼50 OA yr−1
should be detected by LSST in the optical band. For the X–ray band,
∼ 26OA yr−1 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 in the γ–ray band considering as constraints the flux
and fluence distribution of the population of GRBs detected by Swift,
BATSE and Fermi. Since the γ–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 I 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 γ–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, I derived how the energy and duration of
pulses scale with their time of occurrence in both IS and ES scenar-
ios (Pescalli et al. 2017). Then I 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 thismodel predicts thermal emission fromGRBs, 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.
I 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/GBMdata, 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− 1000] keV band. In this work we discussed the possible origin
of this thermal radiation. The γ–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 themajor issues related to the prompt emissionmech-
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. I collaborated to a work (Ravasio et al. 2017) where we
present the time–resolved spectral analysis of the prompt emission
of GRB160625B. 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 Ebreak ∼100 keV, while at 0.5− 6MeV
the spectrum displays the usual νFν peak energy feature Epeak. The
slopes below and above Ebreak 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 Epeak and Ebreak 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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CHAPTER1
GRB overview

Gamma Ray Bursts (GRBs) are powerful emitters of γ–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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Chapter 1. GRB overview

Figure 1.1: SomeGRB 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 themerged
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 fewmilliseconds (Walker et al., 2000; Bhat
et al., 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 δt vary in a wide range with the shortest pulses
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1.1. Temporal properties

Figure 1.2: Distribution of T90 for 427 GRBs from the 3rd BATSE Catalog (Meegan
et al., 1996).

having sub–ms width. If normalized with the burst duration (δt/T)
they could reach values as low as 10−3 − 10−4.
The burst duration is typically defined through the T90 (T50) be-

ing the time interval within which 90% (50%) of the burst fluence is
detected. More precisely, T90 is defined as the time corresponding
to an increment of the cumulative counts from 5% up to 95% above
the background. The values of T90 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:

• Short GRBs: having T90 < 2 s (〈T90〉 ∼ 0.2 s)

• Long GRBs: having T90 > 2 s (〈T90〉 ∼ 20 s)

This distinction is made on the basis of the observed durations and
not the rest frame one. Moreover, T90 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 GRB990123 (Briggs et al., 1999). The spectrum is
modelled with a Band function (Band et al., 1993) with α = −0.67, β = −3.0,
Ep = 720 keV. Upper panel: photon spectrum. Lower panel: νF(ν) 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(ν) (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 νF(ν)
(E2N(E)) representation is employed in order to describe prompt
spectra (see. Fig.1.3). The majority of GRBs has a νF(ν) spectrum
extending, without evidences of spectral lines, from keV toMev 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):

N(ν) = N0

{

(hν)α exp(−hν/E0) if hν < (α− β)E0

[(α− β)E0]
α−β(hν)β exp(β− α) if hν < (α− β)E0

(1.1)
which was introduced by Band et al. (1993). This is one of the most
used model in spectral analysis since its formulation. α and β are the
power–law spectral indices (at low and high energies, respectively)
and E0 is a parameter linked to the break energy through the relation
Eb = (α − β)E0. Only if α > −2 and β < −2 the νF(ν) spectrum
shows a peak at Ep = (α+ 2)E0. This function is essentially a bro-
ken power–law with an exponential smoothing of the break.Typical
values for the parameters are α = −1.0, β = −2.5 and Ep ≃ 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 it is still moderately opaque,
due to some dissipation mechanism (e.g. Rees and Mészáros, 2005).
In this case photons are expected to be distributed according to the
Planck function:

N(ν) =
hν

e
hν
kT − 1

(1.2)

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

• 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: GRB930214, 941023,
951228 (Ryde, 2004) and GRB990413 (Bosnjak et al., 2006). An
example of this class is shown in Fig.1.4;

• 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).

• Class–III Bursts with a BB plus a non–thermal component. Re-
cently, GRB 110721A (Axelsson et al., 2012), GRB 100724B (Guiriec
et al., 2011)and GRB120323A (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−1/4 (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–II and III 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–II 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 (Hascoët 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, I will list the most remarkable
ones:

• Amati correlation (Amati et al., 2002)
The peak energy Ep of the νF(ν) spectrum correlate with the

7
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Figure 1.6: Example of class-III bursts. GRB100724 (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 Eiso through the relation Ep ∝ E0.5iso.
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.

• Ghirlanda correlation (Ghirlanda et al., 2004)
Only for those bursts whose jet opening angle θjet is measured,
it is possible to derive the true energy Eγ correcting the isotropic
energies for the collimation factor: Eγ = Eiso(1− cos(θjet)). The
collimation–corrected energy correlate with the peak energy as
Ep ∝ EG

iso with a slope depending on the assumption on the
circumburst medium made in order to derive θjet. 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.

• Yonetoku correlation (Yonetoku et al., 2004)
The peak energy Ep of the νF(ν) spectrum correlate with the

8
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Figure 1.7: The so–called Amati and Ghirlanda correlation are shown. Black
points represent the GRBs composing the Amati correlation Ep ∝ E0.5iso with
3σ dispersion (black dot–dashed lines). Points in the blue squares correspond
to those GRBs with measured θjet. 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 ∝

L0.5iso. I 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). I calculated the
isotropic equivalent luminosities for all bursts with zmeasured
and well constrained spectral parameters: 81 out of the total 99
objects have both L, z and well–constrained Ep. 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-
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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 1σ estimate of the scatter of the
sample distribution around the correlation.

Sample #Bursts ρ Pchance Slope Norm. σ

Total 187 0.74 6× 10−33 0.50± 0.03 −2.3× 10−7 ± 0.024 0.29
BAT6ext 81 0.72 5× 10−14 0.54± 0.05 −2.2× 10−8 ± 0.036 0.28

ple, respectively. I 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.

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 GRB970508. 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 FeII and MgII 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 GRB090429B (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 themeasured 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 Swiftwith respect to Beppo–SAX and HETE–II.

1.5 Progenitors

The inner engine powering GRBs must to be able to release amount
of energy (1051−53 erg) on timescales as short as the duration of the
γ–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):

• 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
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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 GRB980425 (SN1998bw
Ic type, z = 0.0085 – Galama et al., 1998). Another important
SN–GRB connections were GRB030329–SN2003dh (z = 0.1685
– Stanek et al. 2003) and GRB060218–SN2006aj (z = 0.0335 –
Mirabal et al. 2006). At the moment, the long GRBs with an as-
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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.

• 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-
gularmomentum because of the emission of gravitational waves
andmerge. 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 − 109 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 Paczyński, 1998; Jin et al., 2015, 2016).
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CHAPTER2
The Fireball Standard Model

In this chapter I 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 Mészáros, 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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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 dL ∼ 16 Gpc (corresponding to z ∼ 2), the to-
tal isotropic γ–ray energy released is Eiso = 4πd2LS/(1+ z) ∼ 1052

erg. Given the short variability timescale δt (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 ∼ cδt ≃ 3× 108(δt/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:

τγγ = fp
σTSd2

R2mec2
∼

∼ 1016 fp

(

S

10−6 erg cm−2

)(

d

16 Gpc

)2( δt

10 ms

)−2
≫ 1 (2.1)

This value has been calculated assuming an approximated pair pro-
duction cross section of the order of the Thomson cross section σT =
6.25× 10−25 cm2, and assuming that a fraction fp of photons is above
the photon–photon pair production (γγ → e+e−) threshold defined
by the relation:

ǫ1ǫ2(1− cos θ1,2) ≥ 2(mec
2)2,

where me is the electron mass, ǫ1 and ǫ2 are the energies of two pho-
tons, and θ1,2 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 γ–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 Γ 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
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2.2. Fireball dynamics

(i.e. the fraction fp is reduced by a factor Γ2(α−1), where α is the
photon spectral index in the γ–ray band). (ii) The real physical scale
of the emission region is R ∼ Γ2cδt. Accounting for these relativis-
tic scalings, the pair production optical depth τγγ is reduced by a
factor Γ2α+2 ∼ Γ6. Therefore, a bulk Lorentz factor of the order of
102−3 reduced the pair production opacity τγγ < 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 Hascoët 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, Γ > 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 GRB970508; Frail et al., 1997) which allowed us to
estimate the source expansion pointing to a bulk Lorentz factor of a
few (Γ ∼ 10). This value, corresponding to the late phases of the de-
celeration, suggests that in the early phases (i.e. during the coasting
phase) Γ should have been much larger.
The direct estimate of the bulk Lorentz factor during the coasting

phase (Γ0, i.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
Hascoët et al., 2014).

2.2 Fireball dynamics

Creation Let’s consider a fireball created at a radius R0 (with respect
the central engine) containing N photons. Assuming a 10 M⊙ black
hole, R0 ∼ 6GM/c2 ∼ 107 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 T ′

0 = (L′/4πR20σ)
1/4 ∼ 1010 K as-

suming a comoving injected luminosity L′ = 1051 erg/s and R0 =
107 cm (σ is the Stefan–Boltzmann constant). The BB energy den-
sity nBB can be expressed as aT ′4

0 (where a = 4σ/c = 7.57× 10−15
erg/cm3 K4 is the radiation constant) so that the total internal energy
is Etot = nBB(4/3)πR30 ∼ 1052 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
3
πR30

aT ′4
0

kT ′
0

≃ N ≃ 4
3
πR3

aT ′4

kT ′ ⇒ T ′3
0 R30 = T

′3R3 (2.2)

Threfore, during the acceleration phase the scaling relation relating
the temperature and radius of the fireball is T ′ ∝ R−1 (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′ ∝ ΓT ′ (see Shemi and Piran, 1990) then
Γ ∝ R.
Due to the increase of the fireball volume, the optical depth τγγ

decrease during the expansion. The acceleration lasts until all the
available energy is converted into kinetic (at the saturation radius
Rs with Γmax) 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
(i.e. τγγ  1) when the fireball comoving temperature is kT ′ ∼ 21
keV. This happens when the bulk Lorentz factor is approximately
Γγγ = 84L1/452 R−1/2

0,7 . 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 (Rγγ ∼ R0Γγγ ∼ 109L1/452 R1/20,7 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
τes ∼ 1 at the photospheric radius Rp (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 (ΓT ′ = T ′

0 ). 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 Γmax ∼ 105 (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 ̺ = Etot/M0c

2, where M0 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:

4πR2s∆R
aT ′4
s

kT ′
s

≃ N ≃ 4πR2∆R
aT ′4

kT ′ ⇒ T ′3
s R2s = T

′3R2 (2.3)

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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Chapter 2. The Fireball Standard Model

Figure 2.1: Schematic representation of the bulk Lorentz factor Γ(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): Γ(t) ∝ E1/8kin n−1/8t−3/8, where Ekin
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) = n0r

−α (α " 0) where n0 represents
the particle density at some characteristic radius r0 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):

Γ(r) =

[

Ekin(17− 4α)
16πn0mpc2

]1/2

r−(3−α)/2 (2.4)

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 (Rdec) 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/Γ of the initial fireball mass, i.e. MISM =
(4/3)πR3decnmp = M0/Γ. If we also consider the density variation
with the radius the expression of the deceleration radius is:

Rdec =

(

(3− α)Ekin
4πn0Γ2mpc2

)1/(3−α)
(2.5)

that corresponds to Rdec ≃ 1016 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′ = 4πR2σT ′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 = 4/3Γ2L′

and T = 5/3ΓT ′ (Ghirlanda et al., 2012b), we can estimate the ratio
between the fireball radius and its bulk Lorentz factor at the trans-
parency:

RT

ΓT
= 2.406

dL(z)

(1+ z)2

(

FBB

σTobs

)1/2

(2.6)

where FBB and Tobs are the flux and the observer–frame temperature
of the BB spectrum and z is the source redshift.
The transparency can be reached:

(i) during the acceleration phase i.e. when the fireball is still acceler-
atingwith a bulk Lorentz factor Γ ∝ R (T ′ ∝ R−1). Eq.2.6 allows
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Chapter 2. The Fireball Standard Model

us to derive R0/Γ0 and, assuming that the fireball is created at
R0 with Γ0 = 1, this gives the radius at the base of the jet where
the fireball is created. In this case, the rest–frame temperature
T (= Tobs(1+ z)) is the same of the “fossil” photons, i.e. those
that were injected at R0;

(ii) 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):

RT =
L0σT

8πmpc3Γ3
(2.7)

where σT is the Thomson cross–section and L0 represents the
initial total luminosity injected by the central engine in the fire-
ball at R0. Only a fraction L = ηL0 with η < 1 is released as ra-
diation at the transparency. The value η ∼ 20% (derived from
the modeling of GRB afterglows) is typically assumed. Com-
bining Eq.2.6 and Eq.2.7 we can separately obtain the trans-
parency radius RT and the corresponding bulk Lorentz factor
ΓT (see Ghirlanda et al. 2013b for details):

RT = 1.624
(

σT

mpc3η

)1/4 d5/4L (z)

(1+ z)3/2
F5/8BB

(σT 4obs)
3/8

(2.8)

ΓT = 0.675
(

σT

mpc3η

)1/4
[

dL(z)(1+ z)2
]1/4

(FBBσT
4
obs)

1/8

(2.9)
recalling the expression for the energy density of the fossil BB
photons (those ones injected at R0), i.e. aT ′

0
4 = L0/4πcR20, and

adopting the scaling relations valid for the acceleration (Γ ∝ R,
T ′ ∝ R−1) and coasting phase (Γ = const, T ′ ∝ R−2/3), it is
possible to derive the radius R0 where the fireball is created if
the transparency is reached during the coasting phase:

R0 = 12.5η3/2
dL(z)

(1+ z)2

(

FBB

σT 4obs

)1/2

(2.10)

Therefore, the detection of a BB spectrum in GRB emission is of
fundamental importance because through the measurement of the
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2.4. Internal shocks

BB temperature kTobs and flux FBB allow us to estimate some fun-
damental parameters of the fireball. I applied all these arguments
during the study of the pure thermal burst GRB100507 (Ghirlanda
et al., 2013b) and duringmy PhD to the case of GRB151027A (Nappo
et al., 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 andMeszaros, 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 m2 and

m1 and comparable thickness ∆R, moving with Lorentz factors Γ2 >
Γ1 ≫ 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):

tc = 2
∆R

c

α2Γ
α2Γ − 1Γ

2
1 (2.11)

where αΓ = Γ2/Γ1. Then, the collision radius is Rc = β2ctc. Follow-
ing Lazzati et al. (1999) let’s assume anelastic collision, so that the
faster shell (m2,Γ2), catching up the slower one (m1,Γ1), forms the
merged shell system (M = m1 + m2 + ǫ/c2,Γm). Here ǫ represents
the internal (random) energy of the merged shells. The dynamic of
the collision is regulated by the energy–momentum conservation:

{

Γ1m1 + Γ2m2 = ΓmM

Γ1m1β1 + Γ2m2β2 = ΓmMβm
(2.12)
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Figure 2.2: Internal shock efficiency as a function of the ratio of Lorentz factor αΓ.
Solid line represents the solution for shells of equal energy (Γ1m1c2 = Γ2m2c

2),
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):

Γm =

√

Γ1m1 + Γ2m2
m1
Γ1

+ m2
Γ2

(2.13)

A useful asymptotic limit adoptedwhen deriving the last equation is√
1− 1/Γ2 ≃ 1− 1/2Γ2. Moreover, assuming that all of the internal

energy ǫ is converted into radiation, we obtain, independently of
the emission mechanism, an upper limit for the radiative efficiency

defined as η =
Γm

ǫ

c2
Γ1m1+Γ2m2

.

η = 1− Γm(1+ αm)

Γ1(1+ αΓαm)
(2.14)

where αm = m2/m1.
In the further approximation of shells of equal initial mass (m1 =

m2 = m) Eq.2.13 and Eq.2.14 reduce to:

Γm =
√

Γ1Γ2 (2.15)

and

η = 1− 2
√
αΓ

1+ αΓ
(2.16)
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2.4. Internal shocks

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):

(i) the curvature timescale tcurv due to the different travel paths of
photons emitted simultaneously by the spherical surface

tcurv =
Rc
2cΓ2m

(2.17)

Here, a spherical shell with an angular scale larger than Γ−1
m has

been assumed;

(ii) the merging timescale tmerge, i.e. 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);

tmerge =
∆R

c

αΓ

α2Γ − 1 (2.18)

For small αΓ this timescale is of the order of ∆R/c.

Therefore, the duration in the rest frame of the source is ∆t = tcurv+
tmerge. Within the standard model, fireballs are commonly assumed
to be ultra relativistic thin shells with αΓ " 2 (e.g. Rees andMeszaros,
1994) so that Rc ≫ ∆R. As a consequence the main contribution to
the pulse duration is due to the curvature effect.
The typical case has αΓ ∼ 2(5), corresponding to a very low ef-

ficiency η ∼ 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 ∝ t2Γ8n (2.19)

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 > tdec), Γ ∝ t−3/8 so that Liso ∝ t2Γ8 ∝ t2t−3 ∝ t−1. 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 Γ ∝
R−1/2 and since R = 2Γ2ct, 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
Böttcher, 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 = n0R

−α (α " 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 (Eq.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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Computing the radius R of fireball at a time t, we derive the expres-
sion of the pulse duration:

∆t ≃ R

2cΓ(R)2
≃ (4− α)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 andMeszaros, 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 I 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:

P = P′ =
2e2

3c3

[

a′2
‖ + a′2

⊥
]

=
2e2

3c3
γ4
[

γ2a2‖ + a2⊥
]

(2.21)

where e is the electron charge, γ = 1/
√

1− β2 is the electron Lo-
rentz factor (β = 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:

 FL =
d

dt
(γm v) =

e

c
 v ×  B (2.22)
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Solving the equation of motion (Rybicki and Lightman, 1986) it
is possible to obtain the acceleration components a‖ and a⊥ which
substituted in Eq.2.21 give:

P(θ) = 2σTcUBγ
2β2 sin2 θ (2.23)

where σT = 8πr20/3 = 6.65× 10−25 cm2 (r0 = e2/mc2 is the classical
electron radius) is the Thomson cross section, UB ≡ B2/8π is the
magnetic field density, and θ 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 sin2(θ) over the
solid angle obtaining:

〈P〉 = 4
3
σTcUBγ

2β2 (2.24)

The fundamental frequency associated to this emission the the
inverse of the time occurring to complete one orbit:

νB =
cβ sin θ
2πrL

=
eB

2πγmc
=
νL
γ

(2.25)

where νL is the Larmor frequency, namely the gyration frequency for
sub–relativistic particles and the orbit radius, i.e. the Larmor radius
rL con be easily derived by setting a⊥ = v2⊥/rL.

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/γ (γ ≫ 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:

νs = γ2
eB

2πmc
= γ3νB = γ2νL (2.26)

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

Figure 2.3: Upper panel: function F(ν/νc) describing the single particle synchro-
tron spectrum. Lower panel: comparison between F(ν/νc) and approximating
formulae indicated in the text. x ≡ ν/νc. Figure from Ghisellini (2013).
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emitted by an electron of given Lorentz factor γ and “pitch angle” θ
is:

Ps(ν, γ, θ) =

√
3e3B sin θ

mc2
F(ν/νc) (2.27)

F(ν/νc) ≡ ν

νc

∫ ∞

ν/νc
K5/3(y) dy

νc ≡ 3
2
νs sin θ

where K5/3(y) is the modified Bessel function of order 5/3. The
single particle spectrum thus depends upon frequency through the
function F(ν/νc) (see Fig.2.3). This function peaks at ν ≃ 0.29νc. At
low frequencies it is well approximated by a power–law with slope
1/3

F(ν/νc) −→ 4π√
3Γ(1/3)

(

ν

2νc

)1/3

(ν ≪ νc)

while at high frequencies (ν ≫ νc) it exponentially decays and can
be approximated by

F(ν/νc) −→
(π

2

)1/2
(

ν

νc

)1/2

e−ν/νc (ν ≫ νc)

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

F(ν/νc) ∼ 4π√
3Γ(1/3)

(

ν

2νc

)1/3

exp−ν/νc

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

Ps
2πrL
βc

< γmc2 =⇒ B <
2e

γ2 sin θ3σT

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
frommore particles. Let N(γ) be the function describing the Lorentz

30



2.6. Synchrotron emission

γ function distribution of the electrons population responsible of the
synchrotron emission. This is typically assumed to be a power–law
distribution like

N(γ) = Kγ−p = N(E)
dE

dγ
γmin < γ < γmax (2.28)

In order to obtain the specific emissivity (i.e. the power emit-
ted per unit solid angle and frequency produced within 1 cm3 of
source) of this distribution of particles, assuming that the distribu-
tion of pitch angles is the same for at every γ, we have to integrate
Eq.2.27 (related to the single electron) along with N(γ)

ǫs(ν, θ) =
1
4π

∫ γmax

γmin

N(γ)Ps(γ, ν, θ) dγ

∝ KB(p+1)/2ν−(p−1)/2
(2.29)

A Lorentz factor power–law distribution implies a power–law spec-
trum and the slopes of this two functions are correlated. Writing
ǫs ∝ ν−α we have α = (p − 1)/2.
The synchrotron flux received from a homogeneus and optically

thin source of volume V ∝ R3 at a luminosity distance dL is:

Fs(ν) = 4πǫs(ν)
V

4πd2L

∝
R3

d2L
KB1+αν−α

∝ θ2sRKB1+αν−α

(2.30)

where θs is the angular dimension of the source. Observing the
source at two different frequencies allows to determine α 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

31



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 γmc2 and the typical energy kT of the Maxwellian
are related. Assuming that a particular frequency ν is preferentially
absorbed by those electrons that can emit it, we have:

kT ∼ γmc2 ∼ mc2
(

ν

νL

)1/2

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

I(ν) ≡ 2kT
ν2

c2
∼ 2mν2

(

ν

νL

)1/2

∝
ν5/2

B1/2
(2.31)

Note that the spectrum is ∝ ν5/2, not ν2, 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 no more important.
The above is valid as long as we can associate a specific γ to any

ν. If we can not do this we can not associate different temperatures
to different frequencies. In this case we recover the self–absorbed
intensity I(ν) ∝ ν2 (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:

F(ν) ∝ θ2s
ν5/2

B1/2
(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:

σs(ν, γ) =
3π√
10

σTBcx

αFBγ5

[

K24/3

(x

2

)

− K21/3

(x

2

)]

(2.33)

where αF = 1/137 is the fine structure constant, Bc = αF(mc2/r30)
1/2

≈ 4.4 × 1013G is the critical magnetic field (for B " Bc the quan-
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2.7. Inverse Compton emission

tum effects become important). The optical depth τs(ν) for synchro-
tron self–absorption is obtained integrating the cross section σs(ν, γ)
with the particle density distribution N(γ) over dγ and multiplying
it for the thickness ∆R of the emitting region. The self–absorption
frequency νa is obtained for τs(ν) = 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 (hν, measured in the frame

K′ comoving with the electron) is lower than the rest energy of the
electron (hν ≪ mc2 ≈ 511 keV) we are in the Thomson regime in
which the cross section is the Thomson one σT and the recoil of the
electron can be neglected. In the opposite case (hν > mc2) 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′ = xγ(1− β cosψ) (2.34)

where ψ (Fig.2.4) is the angle between the electron and photon direc-
tions of motion. If x′ ≪ 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:

x′
1 = x

ψ′
1 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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Chapter 2. The Fireball Standard Model

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

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

x1 = x
1− β cosψ
1− β cosψ1

We have the maximum for the energy when ψ = π (head–on
collision) and ψ1 = 0 (the photon is scattered along the electron di-
rection of motion). In this case:

x1 = x
1+ β

1− β
≈ 4γ2x

The minimum is for ψ = 0 (tail-on collision) and ψ1 = π. In this
case:

x1 = x
1− β

1+ β
≈ x

4γ2

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

〈x1〉 =
4
3
γ2x (2.35)

If we assume an energy density Urad associated to the radiation,
the power emitted through the IC scattering is (Rybicki and Light-
man, 1986):

〈P〉 = 4
3
σTcUradγ

2β2 (2.36)
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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 〈hν〉:

〈P〉 =
(

#collisions
s

)

(average energy) =
(

σTc
Urad
〈hν〉

)(

4
3
〈hν〉 γ2

)

(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:

I(x)

x
=

I0
x
δ(x − x0) (2.38)

where I(x)/x is the specific intensity. For n electrons per cm3 then
the emissivity is:

ǫIC(x1) =
σTnI0(1+ β)

4γ2β2x0
FIC(x1) (2.39)

where the function FIC (Fig.2.5) contains all the dependence on the
frequency:

FIC(x1) =
x1
x0

[

x1
x0

− 1
(1+ β)2γ2

]

1
(1+ β)2γ2

<
x1
x0

< 1

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) ∝ x21.

FIC(x1) =
x1
x0

[

1− x1
x0

1
(1+ β)2γ2

]

1 <
x1
x0

< (1+ β)2γ2

In this other case, instead, the function corresponds to the up–
scattering: FIC(x1) ∝ x1.
The average frequency of the energy spectrum is 〈x1〉 = 2γ2x0

while 〈x1〉 = 4γ2x0/3 for the photon spectrum.
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Chapter 2. The Fireball Standard Model

Figure 2.5: Inverse Compton spectrum emitted by electrons having different γ
moving in a monochromatic radiation of frequency x0. The dashed line corre-
sponds to te spectrum emitted within the beaming cone θ ∼ 1/γ (it contains
the 75% of the emitted power independently from the value of γ). x1 < x0
correspond to the down–scattering regime (photons lose energy in the pro-
cess). For γ ≫ 1 FIC(x1) ∝ x21 (down–scattering regime) and FIC(x1) ∝ x1
(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 γ2 (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(γ) be the function describing the distribution of Lorentz fac-
tor γ of the isotropic population of electrons:

N(γ) = Kγ−p = N(E)
dE

dγ
γmin < γ < γmax (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

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

frequency ν0) the emissivity can be expressed as:

ǫ(νc) =
1
4π

(4/3)α

2
σTcK

Urad
ν0

(

νc
ν0

)−α
(2.41)

Even in this case we obtain a power–law whose slope con be re-
lated to the index p characterizing the electrons distributions through
α = p−1

2 (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 γ2

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.

ǫ(νc) =
1
4π

(4/3)α

2
σTcKν−αc

∫ νmax

νmin

Urad(ν)

ν
να dν (2.42)
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Chapter 2. The Fireball Standard Model

where Urad(ν) [erg cm−3 Hz−1] is the specific radiation energy den-
sity at the frequency ν. . 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
Urad(ν) is made by synchrotron photons, then Urad(ν) ∝ ν−α and
the result of the integral will be ln(νmax/νmin).
The correct limits of the integration depend, in principle, on νc

(see Fig.2.6). Assuming that the seed photon frequency distribution
extends from ν1 to ν2 and that γmin and γmax are the minimum and
maximum energies of the electrons distribution, Fig.2.6 shows the
right limit on νmax and νmin. Following Ghisellini (2013) we define
νc,1 = (4/3)γ2minν1, νc,2 = (4/3)γ2minν2, νc,3 = (4/3)γ2maxν1, νc,4 =
(4/3)γ2maxν2. There are four possible cases:

Case (1)
{

νmin = ν1

νmax = 3νc/(4γ2min)
if νc,1 < νc < min(νc,2, νc,3) (2.43)

(2.44)

Case (2)
{

νmin = ν1

νmax = ν2
if νc,2 < νc < νc,3 (2.45)

(2.46)

Case (3)
{

νmin = 3νc/(4γ2max)

νmax = 3νc/(4γ2min)
if νc,3 < νc < νc,2 (2.47)

(2.48)

Case (4)
{

νmin = 3νc/(4γ2max)

νmax = ν2
ifmax(νc,2, νc,3) < νc < νc,4 (2.49)
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CHAPTER3
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

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

40



3.1. Introduction

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, 1054 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 GRB090429B (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 ψ(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 φ(L)
(LF), which represents the relative fraction of bursts with a certain
luminosity. Here, with φ(L) I will refer to the luminosity probability
density function (PDF) defined as dN(L)/dL/Ntot.
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 φ(L) and ψ(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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Figure 3.4: Infinitesimal volume element dV at a distance Dwithin the solid angle
dΩ.

tion of sources (among the most luminous and farthest ever known)
is their luminosity function. Additionally, their possible origin and
rolewithin awider cosmological context can be explored if one knows
also their intrinsic redshift distribution. In the following Iwill 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 dΩ 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 dΩ = dS/D2, it reads dV = dΩD2dr. For the entire sky
dV = 4πD2dr.
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/H0 (H0 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:

DL(z) ≡ (1+ z)
∫ z

0

cdz

H(z)
= (1+ z)

c

H0

∫ z

0

dz
√

Ωm(1+ z)3 +ΩΛ

(3.1)
In this thesis I will always assume a standard flat cosmology with
H0 = 70 km s−1Mpc−1, ΩΛ = 0.7, Ωm = 0.3.
In first approximation dr = cdz/H(z) so we can write the in-

finitesimal element of comoving volume as

dV(z) = 4πD2
L(z)

cdz

H(z)
(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)3 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 howGRBs are distributed in func-

tion of their redshift we need to evaluate
dN

dz
=

dN

dV

dV

dz
(3.3)

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 Flim (fluxes are in-
tended as defined over an energetic band ∆E = [E1, E2] in the ob-
server reference frame) is:

N(> Flim) =
∫ z(L,Flim)

0

dN

dV

dV

dz
dz (3.4)

The maximum redshift at which it is possible to observe an object is
a function of L and Flim and it is defined by the relation FlimK(z) =
L/(4πD2

L(z)). The factor K(z) corrects the observed flux into the
bolometric one, i.e. integrated over all the frequencies. In practice,
integration over the rest frame energy range [1, 104] keV ensures to
approximate reasonably well the bolometric flux given the typical
0.5 MeV peaked GRB spectra.

K(z) =

∫ 104/(1+z)
1/(1+z)

EN(E) dE
∫ E2

E1
EN(E) dE

(3.5)

where N(E) is the observed photon spectrum.
The luminosity function φ(L) (defined as a PDF) and define Nv

the true (unknown) number of GRB in the Universe. The number
of GRBs within in a certain luminosity interval N(L1, L2) can be ob-
tained multiplying the true number for the probability to observe a
GRB with L ∈ [L1, L2].

N(L1, L2) = PNv = Nv

∫ L2

L1
φ(L) dL (3.6)

Now, combining Eq.3.4 and Eq.3.6 we obtain:

N(> Flim) =
∫ z(Lmax,Flim)

0

∫ Lmax

Llim(Flim,z)
φ(L)

dNv
dV

dV

dz
dz (3.7)
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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 tc. Since t = (1+ z)tc then

dN(> Flim)

dt
=
∫ z(Lmax,Flim)

0

∫ Lmax

Llim(Flim,z)
φ(L)

dNv
dV(1+ z)dtc

dV

dz
dz (3.8)

ψ(z) ≡ dNv/dVdtc 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 Flim, a field

of view Ω, operative for an observational time T, the number of de-
tected GRBs can be write as:

N(> Flim) =
ΩT

4π

∫ z(Lmax,Flim)

0

∫ Lmax

Llim(Flim,z)
φ(L)

ψ(z)

(1+ z)

dV

dz
dz (3.9)

This is the typical approach of source counts adopted to link the ob-
servations, e.g. the flux distribution of the populationGRBs 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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Reconstructing φ(L) and ψ(z) of GRBs

Recovering the cosmic formation rate ψ(z) and the luminosity func-
tion φ(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 functionswere derived for the population of longGRBs

(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 ψ(z) and φ(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 ψ(z) and φ(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 φ(L) and ψ(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 themassive collapsar progen-
itor scenario, the cosmic GRB formation rate traces the cosmic star
formation rate, i.e. ψ(z) ∝ ψ⋆(z). Among the most accepted models
for ψ(z) 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)

ψ(z) =
a + bz

1+ (z/c)d
(4.1)

where (a, b, c, 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 Pm(τ) of the de-
lay time τ, i.e. ψ(z) ∝ ψ⋆(z) ∗ P(τ). 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 ψ(z) is fixed a priori, the approach described above allows us to

to derive the free parameters of the luminosity function φ(L) by fit-
ting the flux distribution of large, statistically significant, sample of
observed GRBs. Then, the assumed ψ(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 φ(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
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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) = L0(1 + z)k (luminosity evo-
lution scenario). The luminosity function at a particular redshift z
can be constructed adopting the same functional form as at z = 0
and evolving all the luminosities, i.e. φ(L, z) = φ(L0(1+ z)k). Al-
ternatively, the GRB formation rate ψ(z) may be evolving with red-
shift with a similar analytic dependence ψ(z) ∝ ψ⋆(z)(1+ z)d (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)..
Themethod described above is whatwe 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 with d = 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 GRBsmust 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:

φ(L) ∝











(

L
Lb

)−a
, L ≤ Lb

(

L
Lb

)−b
, L > Lb

(4.2)

where Lb 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 = 0.74+1.42−1.36, b = 1.92+0.14−0.11, Lb = 5.5+6.9−3.4 ×
1050 erg/s in the case of the luminosity evolution scenario (param-
eters refer to LF at z = 0) and a = 1.5+0.16−0.32, b = 2.32+0.32−0.77, Lb =

3.8+6.3−2.7 × 1052 erg/s in the case of the density evolution scenario.
Similar results (a = 1.52, b = 2.00, Lb = 1052.5 erg/s) are obtained
by Jakobsson et al. (2012). Howell et al. (2014) derive a smaller low
luminosity index a = 0.95 ± 0.09 and consistent b = 2.59 ± 0.93,
Lb = 0.8± 0.43× 1052 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−1 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 φ(L)
and ψ(z) independently from a specific assumption of their analytic
form. In the next sections I will outline these methods.

4.1 The C− method

In this section I will describe the nonparametric statisticalC−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). I 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 I 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 φ(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(z)φ(L)dLdz (4.3)

where D(z) = ψ(z)[dV(z)/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 limiting flux Flim
(such that a GRB would not have been included in the sample un-
less its bolometric flux F ≥ Flim) the question we want to tackle is
whether we can derive the true luminosity and number density dis-
tribution of the GRB population.
In order to understand and test theC−method I generated, through

a Monte Carlo simulation, a small population of GRBs (Fig.4.1) dis-
tributed in redshift according to the GRB formation rate ψ(z) of Li
(2008) and adopting the luminosity function φ(L) (keeping it equal
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Figure 4.1: Simulated sample of GRBs (see the text for the parent distributions).
The blue solid line is the adopted bolometric limiting flux Flim = 10−8 erg cm−2

s−1. Black and grey points represent those bursts having bolometric above and
below the limiting flux. Blue and orange points represent, respectively, the
maximum redshift and the minimum luminosity corresponding to the burst
highlighted in red. The area C contains the cumulative fraction of observed
burst in the volume within which a burst of luminosity L (red point) can be
still detected.

at all redshift) obtained by Salvaterra et al. (2012). I then extracted
a sample of GRBs (black points in Fig.4.1) by cutting the population
with limiting flux Flim = 10−8 erg cm−2 s−1. It is important to under-
stand that for the aim of the present test, any other assumption on
the form of the two functions φ(L) and ψ(z) would still be possible.
Indeed, this simulation is only meant to understand the limitations
of the C− test.
For each GRB in the L − z plane, zmax is defined as the maximum

redshift at which the i–th GRB ( with luminosity Li) can still be ob-
served because its flux is above the limit Flim. Similarly the limiting
luminosity Llim corresponds to the limiting flux Flim at redshift zi.
The blue and the orange points in Fig.4.1 visually show zmax and
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Llim associated to the GRB identified by the red point.
Consider, as reference the luminosity of the i–th burst (shown

by the red point in the L − z plane) and call it L̃ and let Φ(L̃) be
the true cumulative luminosity function of GRBs with L ≥ L̃ so
that −Φ′ = −dΦ(L)/dL is the differential luminosity function φ we
want to recover. Let’s define X(L̃) as the observed number of burst
with L ≥ L̃. As the infinitesimal increment dL̃ is a positive defined
quantity, the corresponding infinitesimal dX associated to the func-
tion X(L̃) is a negative quantity. −dX thus represent the number of
observed points in the infinitesimal column between L̃ and L̃ + dL̃
(see Fig. 4.1). The ratio between this quantity and the number of ob-
jects C(L̃) in the rectangular area C in Fig.4.1, is equal to the ratio be-
tween the true cumulative distribution infinitesimal increment−dΦ
(the number of object contained in the entire infinitesimal column,
including the non detected events) and Φ(L̃) itself. This relation is
in general true at any luminosity so we can write:

dX

C
=

dΦ

Φ
(4.4)

Integrating this relation we obtain

Φ(L̃) = A exp
{

∫

dX

C

}

= A exp
{

∫ Lmax

L̃

1
C(L)

dX

dL
dL

}

(4.5)

where A comes from the integration constant. The set of observa-
tions is composed by distinct points so during the integration the
value of X will change in a discrete manner at each i–th luminosity.
Thus −dX/dL can be expressed as a sum of Dirac delta functions

− dX

dL
=∑

i

δ(L − Li) (4.6)

Substituting this relation into Eq.4.5 it is clear that C(Li) has to be
evaluated thus we are interested in knowing the behavior of C(L)
in a small neighborhood of Li. When the number of points in C is
not so large, the problem arises in the choice of whether to include,
exclude, or half include the point on the edge (the one with L = Li).
In the neighborhood of Li the i–th point contribution x can bewritten
as

x = X(L)− X(L+
i ) (4.7)
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where L+
i is the luminosity barely greater than Li .This expression al-

lows us to define C−(Li) as the value of C at Li with the contribution
of the i–th point omitted. So when L is close to Li

C(L) = C−(Li) + x (4.8)

The integral in Eq.4.5, evaluating the contribution of the i–th burst
in a neighborhood of Li, now becomes

A exp

{

∑
i

∫ 1

0

dx

C− + x

}

= A exp

{

∑
i

log
(

C− + 1
C−

)

}

(4.9)

We can then write the solution to our initial problem:

Φ(L̃) = A∏
i

(

C−(Li) + 1
C−(Li)

)

(4.10)

Here the product is over those bursts with L̃ < Li < Lmax and the
complete cumulative function can be evaluated step by step varying
L̃ among the luminosities of the GRBs in the sample. This result is
general and it is valid also in order to obtain the cumulative func-
tion associated to the comoving number density D(z) (but defining
different C areas in L − z plane).
Consider the simulated sample in Fig.4.2. We want to to recover

the luminosity function φ(L) and the cosmic formation rate ψ(z) us-
ing the C− method. To this aim, I created another sample adopting
the same parent distributions and limiting flux of the previous one,
but generating a larger number of GRBs (10000 in total) in order to
have better statistic. Note that I assumed (as before) no luminosity
evolution in the MC so I do not have to de–evolve the luminosities
before apply the C− method.
For the i–th GRB in the sample, described by its (Li, zi) (e.g. the

red point in Fig.4.2), consider the subsample Ji = {j | Lj > Li ∧ zj <

zmax,i} and call Ni the number of GRBs it contains (green rectangular
area in Fig.4.2). Similarly, we define the subsample J′i = {j | Lj >

Llim,i ∧ zj < zi} and call Mi the number of GRBs it contains (light
blue rectangular area in Fig.4.2). ThroughMi and Ni we can estimate
the cumulative luminosity function Φ(L) and the cumulative GRB
redshift distribution ζ(z):

Φ(Li) = ∏
j : Lj>Li

(

1+
1
Nj

)

(4.11)
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Figure 4.2: Simulated sample of GRBs (see the text for the assumptions). The
blue solid line is the adopted bolometric limiting flux Flim = 10−8 erg cm−2

s−1. Black and grey points represent bursts having bolometric flux above and
below the limiting value. Blue and orange points represent, respectively, the
maximum redshift and the minimum luminosity corresponding to the burst
highlighted in red. The light green and the light blue areas represent, respec-
tively, the subsamples J (containing Ni) and J′ (containing Mi) defined in order
to apply the C− method.

and

ζ(zi) = ∏
j : zj<zi

(

1+
1

Mj

)

(4.12)

From the latter we can derive the GRB formation rate as

ψ(z) =
dζ(z)

dz
(1+ z)

[

dV(z)

dz

]−1
(4.13)

The differential luminosity function φ(L) is obtained by deriv-
ing the cumulative one Φ(L). Note that Mj and Nj are equal to 0
for those bursts that are at the edge of the distribution in the L − z
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Figure 4.3: Resulting GRB formation rate and luminosity function (green points)
obtained using the C− method on the simulated sample. The red dashed lines
represent the parent distributions used for the simulation.

plane. In these cases, the contribution has to be omitted in the prod-
ucts of Eqs. 4.11 and 4.13. The functions φ(L) and ψ(z) are shown in
Fig.4.3. Errors on φ(L) are computed by propagating the errors on
the cumulative one and assuming Poisson statistics. The errors on
the ψ(z) are computed from the number n of GRBs within the red-
shift bin. I assumed that the relative error ǫ = 1/

√
n is the same as

that affecting ψ(z). Note that these function have an arbitrary nor-
malization so that we can get information on their shape but not on
the absolute numbers and densities.

4.1.1 Test of L − z independence

The C− method is based on the assumption that the luminosity is
independent of redshift. However, as discussed in Petrosian et al.
(2015), a strong luminosity evolution could be present in the GRB
population. Efron and Petrosian (1992) proposed a non–parametric
test in order to estimate the degree of correlation of the luminosity
with redshift induced by the flux in a flux–limited sample.
If the two variables z and L are uncorrelated, then the rank ri of

zi within the examined sample should be uniformly distributed be-
tween 1 and N, with an expected mean E = (N + 1)/2 and variance
V = (N2 − 1)/12. The ranks are usually renormalized in a such a
way that the mean and the variance become 0 and 1, respectively.
This can be done by defining the new statistic Ti = (ri − E)/V. The
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modified Kendall correlation coefficient

τ =
∑i(ri − E)√

∑i V
(4.14)

allow us to understand if directly reject or accept the hypothesis of
independence. τ = 1 indicates a 1σ correlation whereas τ = 0 signi-
fies a completely random data set.
This can be calculated considering the associated sets J and J′ (de-

fined in for the C− method). The rank ri of zi is the number of ele-
ments within the associated set Ri = J ∩ J′ = {j ∈ Ji|zj ≤ zi} (see
Fig.4.2). It is expected that this value is uniformly distributed be-
tween 1 and Ni (the number of points in the associated set Ji). Now,
the expected mean and variance for the rank ri are calculated sepa-
rately in each associated subset Ri defined for the i–th GRBs and are
Ei = (Ni + 1)/2 and V = (N2

i − 1)/12, respectively. The specialized
version of Kendell’s τ statistic is given by

τ =
∑i(ri − Ei)√

∑i Vi
(4.15)

This parameter represents the degree of correlation for the entire
sample with proper accounting for the data truncation.
The problem we are left with is how to describe the luminos-

ity evolution. Let us, for example, define the luminosity evolution
L = L0(1+ z)k, where L0 is the de–evolved luminosity. The right
value for the parameter k is found de–evolving the luminosities of
the sample and varying k until τ, calculated on the de–evolved sam-
ple, is 0.

4.1.2 The relevance of sample completeness

The main difficulty in obtaining the luminosity function φ(L) and
the cosmic GRB formation rate ψ(z) is accounting for the selection
effects which affect the true GRB population detected by any in-
strument. These functions cannot be derived straightforwardly us-
ing all GRBs with known redshift since these samples are affected
by observational biases. Independently from the method adopted,
most of the previous studies used either heterogeneous samples (i.e.
including GRBs detected by different satellites/detectors which do
not have the same sensitivity) and/or incomplete samples (in flux
and/or in redshift). In particular, incompleteness is induced by sev-
eral effects, such as the variation of the trigger efficiency and the
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redshift measurement. Accounting for such instrumental effects is
extremely difficult. In practice it is much more rewarding to work
with complete samples though at the expense of the sample size.
Salvaterra et al. (2012) constructed a flux–limited sample (BAT6)

of bright GRBs detected by Swift/Burst Alert Telescope (BAT) which
resulted 95% complete in redshift (BAT6). Despite containing a rel-
atively small number of GRBs (58 in total), it has been extensively
used to test various prompt and afterglow properties of GRBs in an
unbiased way (Vergani et al., 2015; Nava et al., 2012; Melandri et al.,
2014, 2012; Ghirlanda et al., 2012a; D’Avanzo et al., 2012; Covino
et al., 2013; Campana et al., 2012). Salvaterra et al. (2012) applied
the indirect method (explained at the beginning of this Chapter) on
the BAT6 in order to obtain the luminosity function fixing a priori
the form of the GRBFR. Similarly, Jakobsson et al. (2012) built the
TOUGH sample, which extends to fainter luminosities, and derived
the LF.
An alternative method (the C−) is based on the direct derivation

of the φ(L) and ψ(z) from observed samples of GRBs with measured
z and L. This method has been inherited from the studies of the
luminosity function of quasars and blazars (e.g. Singal et al., 2013,
2012; Maloney and Petrosian, 1999; Chiang and Mukherjee, 1998)
and it has been applied to GRBs (Kocevski and Liang, 2006; Lloyd
and Petrosian, 1999). Wanderman and Piran (2010), instead, adopted
a maximum likelihood estimator to derive the discrete luminosity
function and cosmic formation rate.
In Chp.5 I will discuss why that Yu et al. (2015a) and Petrosian

et al. (2015) obtained unreasonable results on the GRB formation rate
through the C− method. The main reason being the use of incom-
plete samples. For this reason, in Pescalli et al. (2016) we used the C−

on the BAT6 complete sample (updating and extending it) in order
to correctly determine φ(L) and, above of all, ψ(z) for long GRBs.

4.2 The Maximum Likelihood Estimator method

In this section I will describe the Maximum Likelihood Estimator
(MLE) method as adopted by Wanderman and Piran (2010). This
is a direct inversion method (similar to the C− method) that allows
us, by maximizing the likelihood function, to obtain simultaneously
(and independently) φ(L) and ψ(z) from a distribution of GRBs in
the L − z plane. As other non–parametric methods the unique key
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assumption is that L and z are uncorrelated.
Let’s consider a sample of GRBs having measured luminosity L

and redshift z and, differently from before, let’s define the logaritmic
differential luminosity function φ(L) = dN/d log(L). In this way
the fraction of GRBswith luminosity in the interval [log(L), log(L)+
d log(L)] and redshift between z and z + dz is:

dN(L, z) = φ(L)D(z)d log(L)dz (4.16)

where D(z) = ψ(z)[dV(z)/dz]/(1 + z) is the comoving number
density (see Sec.3.2 Eq.3.8).
Such statistical model depends, in principle, on the set of param-

eters θ of the true parent functions. Define X ≡ {xi}
n
i=1 the set of ob-

servational data and P({xi}
n
i=1|θ) the probability to observe the sam-

ple X given a specific set of parameter. The latter is equivalent to the
probability L(θ|{xi}

n
i=1) that the given sample X has been generated

by a set of parameter θ. The aim is to obtain the best set of parameter
θ that describes the sample X, i.e. we want to maximize, in the pa-
rameter space, the probability L(θ|X). This corresponds to find the
maximum of the Likelihood function: θ̂ = maxθ{L(θ|X)}. First we
should evaluate the probability P(X|θ) = P(x1|θ)× P(x2|θ)× · · ·×
P(xn|θ). This allows us to obtain L(θ|X) = P(X|θ) = ∏

n
i=1 P(x1|θ)

which we have to maximize.
In order to apply this theoretical and general argument to our

GRB sample we need to define the probability within luminosity
and redshift intervals. To this aim it is convenient to define φ(L)
and D(z) as a step function with constant value within the corre-
sponding luminosity and/or redshift bin:

φi ≡ φ(Li < L < Li+1) (4.17)

Dj ≡ D(zj < z < zj+1) =
1

zj+1 − zj

∫ zj+1

zj

ψ(z)

(1+ z)

dV

dz
dz (4.18)

Wanderman and Piran (2010) also introduce weighting factorsωij

which represent the probability to detect a burst with luminosity L
and redshift z. These are:

ωij =
∫ Li+1

Li

∫ zj+1

zj

δ(L, z)d log(L)dz (4.19)

where δ(L, z) is the probability to detect, and effectively measure,
the redshift of a GRB with luminosity L at redshift z.
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If N is the total number of objects in our sample, we call Ni the
number of GRB in the luminosity interval [Li, Li+1] and with Nj the
number of bursts in the redshift interval [zj, zj+1]. Nij is the number
of objects belonging to both subset so that N = ∑i,j Nij. The prob-
ability to observe Nij bursts in the corresponding L − z interval is
Pij = (φiDjωij)

Nij . The logaritmic Likelihood function M (normal-
ized to the probability to observe all N GRBs) is defined as:

M = log

(

∏i,j(φiDjωij)
Nij

(∑i,j φiDjωij)N

)

(4.20)

Computing the partial derivatives with respect to φi and Dj (in
order to maximize M) we obtain:

φi =
Ni

∑j Rjωij

∑k,m φkDmωkm

N
(4.21)

Dj =
Nj

∑i φiωij

∑k,m φkDmωkm

N
(4.22)

This set of non–linear equations can be solved numerically and pro-
vides the values of the step functions φ e D.

4.3 The redshift integrated luminosity function

In this section I will show how it is possible to derive directly the
luminosity function of GRBs integrated over all the redshift space.
This is not the typical luminosity function that is derived through
indirect methods, since it is free from any functional form and only
uses the 1/Vmax concept, i.e. themaximum comoving volumewithin
which a burst with an observed luminosity can be detected by a
given instrument. This is a generalization of the 〈V/Vmax〉 method
proposed by Schmidt (1968) and applied to quasars (see Avni and
Bahcall, 1980).
However, the luminosity function obtained with this method is

not the canonical φ(L), but it is the result of the integration of the
latter together with the GRB formation rate ψ(z) over z. We call this
function the convolved luminosity function Σ(L) (CLF). In theory,
the luminosity function may evolve with redshift (φ(L, z)). For this
reason, the shape of the CLF contains both types of evolution (in lu-
minosity and in density) and may be different from the shape of the
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canonical φ(L). It could simply be proportional to φ(L) only if the
luminosity function does not evolve in any way with the redshift.
Indeed, it is possible to express Σ(L) in terms of luminosity function
and GRB formation rate:

Σ(L) =
∫ ∞

0
φ(L, z)ψ(z) dz (4.23)

The advantage is that this equation can be obtained directly from
the data without any kind of assumption and it is extremely robust
if derived through a flux–limited sample.
Themethod is the following. Given a complete sample, one should

define Vmax for each burst. Then, using the instrumental parameters
it is possible to compute the rate ρi associated to the i–th GRB as
ρi = 4π/ΩTVmax, where Ω is the field of view and T is the oper-
ating time of the instrument. The CLF can be easily derived in a
discrete manner dividing the observed range of luminosities in bins
of equal logarithmic width ∆ and summing within each bin the rates
of the corresponding bursts:

Σj(Lj) =
1
∆Lj

∑
i

ρi (4.24)

where the sum ismade over the bursts having luminosity Lj −∆/2 ≤
Li ≤ Lj + ∆/2.
When computing individual rates, we used the mission–elapsed

time T . However, this is the time in the observer frame and the rate
should be corrected for the cosmological time dilation. This means
that, at higher z, the same subset of sources should occur with a
larger frequency. Therefore, the elapsed time T has to be averaged
out on the redshift interval [0, zmax]

〈T〉 =
∫ zmax
0

T
1+z dz

∫ zmax
0 dz

(4.25)

and then used in the computation of Eq.4.24 in order to obtain the
true CLF. We can look at this function as a redshift–integrated lumi-
nosity distribution. This is the most direct information that we can
obtain from the data. In fact, it is obtained without any type of as-
sumption or observational constraints. As with the flux distribution
log(N)− log(P) and with the redshift distribution, it can be used as
a constraint. The LF and the GRBFR obtained with other methods

61



Chapter 4. Reconstructing φ(L) and ψ(z) of GRBs

should reproduce this CLF once convolved together and integrated
over z.

Figure 4.4: Blue–filled points represent the observed CLF Σ(L) while the orange
squares represent the true CLF Σ̃(L) of the BAT6ext sample. The solid blue
line (a = −1.39± 0.14, b = −2.38± 0.41, Lb = 1053.3±0.3 erg/s) and the dashed
orange line (a = −1.22± 0.1, b = −2.09± 0.95, Lb = 1053.3±1 erg/s) are the
best–fit BPL models of the observed and true CLF respectively.

4.3.1 Application to the BAT6ext complete sample

I adopted the method just described on the BAT6ext complete sam-
ple (see Sec.5.2). I considered 80 out of 99 GRBs with both measured
z and L (see Tab.5.1 in Sec.5.2). For each GRB the Vmax has been
determined as the maximum volume within which the burst could
still be detected because its flux is larger than the limiting flux, i.e.
Plim = 2.6 ph cm−2 s−1 in the [15− 150] keV energy band. The ob-
served photon flux in the Swift/BAT energy band as a function of
the varying redshift is:

P(z) =
L

4πd2L(z)

∫ 150 keV
15 keV N(E) dE

∫ 104/(1+z) keV
1/(1+z) keV EN(E) dE

(4.26)
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where N(E) is the observed photon spectrum of each GRB and dL(z)
is the luminosity distance at redshift z. The extremes of the integral
in the denominator correspond to the same values adopted to com-
pute L. The maximum redshift zmax corresponds to the redshift that
satisfies P(zmax) = Plim. The CLF has been computed considering
the typical Swift/BAT field of viewΩ = 1.33 steradians and the time
of activity of Swift T ∼ 9.
The discrete (observed) CLF is shown in Fig.4.4. It can be ad-

equately represented by a broken power law function with slopes
−1.39± 0.14 and −2.38± 0.41 below and above the break luminos-
ity Lb = 1053.3±0.3 erg/s (χ2/d.o.f. = 1.04). The normalization is
obtained by considering that the bursts in the BAT6ext sample rep-
resent approximately 1/3 of the total number of Swift detected GRBs
with peak flux P ≥ 2.6 ph cm−2 s−1. I also verified that the BAT6ext
sample (99 objects) is representative in terms of peak–flux distribu-
tion of the larger population. The error bar associated with the dis-
crete CLF are mainly related to the Poissonian error on the count
within the luminosity bin (see also e.g. Wolter et al., 1994).
Fig.4.4 also shows the true CLF obtained correcting the operating

time for each burst using Eq.4.25. Correcting for the cosmological
time dilation, the true CLF appears slightly flatter (slopes −1.22±
0.1 and −2.09± 0.95 below and above the break Lb = 1053.3±1 erg/s
– χ2/d.o.f.= 0.99). The true CLF is flatter than the observed one
because, in general, the true elapsed time is less than the observed
one. Moreover, the correction is more pronounced for high luminos-
ity GRBs that are observable up to high redshifts.
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CHAPTER5
Redshift dependent formation rate of long

GRBs – ψ(z)

The different methods and approaches that I described in Chp.4
agree on the shape of the luminosity function (typically represented
by a broken power law) but lead to remarkably different results on
the cosmic GRB rate (particularly at low redshifts).
Recently, Yu et al. (2015a, Y15 hereafter) and Petrosian et al. (2015,

P15 hereafter) applied the C− method (see Chp.4 Sec.4.1) to recon-
struct the discrete φ(L) and ψ(z) from a sample of Swift bursts with
measured redshifts. Since this method requires the independence
between the luminosity and the redshift, they applied the statistical
method proposed by Efron and Petrosian (1992) in order to remove
the L − z correlation induced by the flux–cut in the selected GRB
sample. They both find a strong luminosity evolution, parametrized
as L = L0(1 + z)k, with k ∼ 2.3. They found, in agreement with
previous works, that the cumulative luminosity function is well de-
scribed by a broken power law (see Eq.??) with α = 0.14 ± 0.02,
β = 0.7± 0.03, Lb = 1.43× 1051 erg/s (Y15) and α = 0.5, β = 2.2,
Lb = 1051 erg/s (P15). These indices (α and β) are the slopes of
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the cumulative luminosity function which is linked to the differ-
ential one through the integral Φ(L) = N(> L) =

∫ Lmax
L φ(L) dL.

Therefore, for a BPL luminosity function, the slopes of the differen-
tial form, if definite positive, are (a, b) = (α+ 1, β+ 1).
Intriguingly, they find that the cosmic GRB formation rate is flat

or decreases from the local Universe up to z = 1, which is at odds
with previous works. P15 and Y15 refer to this strange behavior as
the excess of GRBs at low redshifts (when these functions are com-
pared to the SFR once normalized to its peak – see Fig.5.1). This
result is also puzzling because it is completely at odds with recent
findings from host galaxy studies which show that the GRBFR is
consistent or slightly steeper than SFR at low redshifts. Vergani et al.
(2015); Perley et al. (2015b, 2016a,b); Schulze et al. (2015); Krühler
et al. (2015), performedmulti–wavelength and spectroscopic studies
on the properties (stellar masses, luminosities, SFR, and metallicity)
of GRB host galaxies of different complete GRB samples and com-
pared them to those of the star–forming galaxies selected by galaxy
surveys. All their results clearly indicate that at z < 1 only a small
fraction of the star formation produces GRBs.
Motivated by these unexpected results reported by Yu et al. (2015a)

and Petrosian et al. (2015) , I derived φ(L) and ψ(z) applying, as P15
and Y15, the C− method. All the results reported below have been
published in Pescalli et al. (2016).
Independent of themethod adopted, the key points are the defini-

tion of the sample and its completeness (as underlined by Salvaterra
et al., 2012). For this reason, I started from the BAT6 complete sam-
ple, but, since it has been built in 2012, I extended it up to 2016.
The new sample (BAT6ext) contains 99 bursts with ∼ 82% redshift
completeness (see Sec.5.2) and it is extensively described in the next
section. I defined the luminosity evolution L = L0(1 + z)k (as in
Y15 and P15), whereL0 is the de–evolved luminosity, and computed
the modified Kendall correlation coefficient in order to test the in-
dependence between L and z in the sample (the details of this test
are described in Sec.4.1.1). Consistently with the results of Y15 and
P15, I found k = 2.5. However, this result should not be interpreted
as the proof that GRBs had experienced a pure luminosity evolu-
tion because the test of Efron and Petrosian (1992) assigns the whole
evolution to the luminosity.
A similar luminosity evolution were obtained by Salvaterra et al.

(2012) applying the indirect method (see the beginning of Chp.4)

66



Figure 5.1: Upper panel: ψ(z) found by Petrosian et al. (2015, red solid line) com-
pared with the SFR obtained by Hopkins and Beacom (2006, blue points).
Lower panel: ψ(z) found by Yu et al. (2015a, blue solid line) compared with the
SFR obtained by Hopkins and Beacom (2006, red points). The SFR of Bouwens
et al. (2011, green stars) and Wang (2013, black open circles) are also shown.
All error bars are 1σ error.
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to the original BAT6 complete sample. Once the de–evolved lumi-
nosities L0 = L/(1+ z)k have been defined for every GRBs in the
BAT6ext sample, I could apply the Lynden–Bell C− method to de-
rive the cumulative luminosity function Φ(L0) and the cumulative
redshift distribution ζ(z). In this case, since the BAT6 sample was se-
lected according to the limiting flux computed in the observer frame
Swift/BAT [15− 150] keV energy band, Llim and zmax are computed
by adopting for each GRB its own spectrum and applying the corre-
sponding K–correction. Despite this approach introduces a small
scatter in the cut in the L − z plane (which means a non–unique
equivalent bolometric limiting flux), it has a very small impact in the
computation of Llim and zmax and, consequently, in the definition of
sub–set J and J′ (see Sec.4.1 in Chp.4).
From the cumulative functions obtained through the C− it is pos-

sible to derive the cosmic GRB formation rate as:

ψ(z) =
dζ(z)

dz
(1+ z)

[

dV(z)

dz

]−1
(5.1)

where dV(z)/dz is the differential comoving volume. The differ-
ential luminosity function φ(L0) can be obtained simply deriving
the cumulative one. These two functions, normalized to their maxi-
mum, are shown in Fig.5.2.
The best–fit model for the LF (green dashed line in Fig.5.2 – right

panel) is represented by a broken power–law function with a =
1.32 ± 0.21, b = 1.84 ± 0.24, Lb = 1051.45±0.15 erg/s (where a and
b represent the slopes of the power–law above and below the break
luminosity Lb – χ2/d.o.f. = 0.47). In Fig.5.2 is also shown, for com-
parison, the luminosity function derived in Salvaterra et al. (2012)
assuming pure luminosity evolution (a = 0.74+1.42−1.36, b = 1.92+0.14−0.11,
Lb = 5.5+6.9−3.4 × 1050 erg/s). The GRBFR (black symbols in Fig.5.2 –
left panel) increases from low redshifts to higher values, peaking at
z ∼ 2 and decreases at higher redshifts. This trend is consistent with
the shape of the SFR of Hopkins and Beacom (2006, green dashed
line) and Cole et al. (2001, cyan dotted–dashed line) and also with
the independent estimates obtained through host galaxy studies.
The result regarding ψ(z) is in contrast with the GRBFR recently

found by P15 and Y15, who report the existence of an excess of low
redshift GRBs when applying the same C−method but to differently
selected GRB samples. Therefore, the reason of this inconsistency
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Figure 5.2: Left panel: GRB formation rate ψ(z) obtainedwith the C−method using
the BAT6ext sample (black solid line). The dashed red line and the dot–dashed
cyan line are the SFR models of Hopkins and Beacom (2006) and Cole et al.
(2001) shown here for reference. All the curves are normalized to their maxima.
Right panel: luminosity function φ(L0) obtained with the C− method using the
BAT6ext sample (black solid line). The best fit model describing this function is
a broken power–law (dashed green line) with (a = 1.32± 0.21, b = 1.84± 0.24,
Lb = 1051.45±0.15 erg/s). The orange dot–dashed line is the luminosity function
obtained by Salvaterra et al. (2012) in the case of pure luminosity evolution.

should be searched in the definition of their samples. Both used
GRBs detected by Swift with measured redshifts. However, while
Y15 worked with the bolometric luminosity of GRBs, P15 adopted
the luminosity calculated in the Swift/BAT [15 − 150] keV energy
band. Y15 used all GRBs detected by Swift with a measured red-
shift and well constrained spectral parameters (from Fermi/GBM
and Konus/Wind spectra). Despite the number of objects in their
sample is relatively large (127), their sample is highly incomplete in
flux. In fact, they used as limiting flux the lowest of the bolomet-
ric fluxes in their sample (Flim = 2× 10−8 erg cm−2 s−1) resulting
in a completeness ∼ 15%. P15 account for incompleteness by cut-
ting their sample to a relatively large flux level (Flim = 2× 10−8 erg
cm−2 s−1, as Y15 for coincidence), at the expense of the total number
of bursts, i.e. working with 207 out of 253 events with measured z.
Despite this the completeness in flux of their sample is ∼ 25%.

The BAT6ext sample is by definition complete in flux and has a
higher completeness in redshift (∼ 82%) which is, however, smaller
than the completeness in redshift of the revised BAT6 (∼ 97%). For
this reason I checked if this slightly lower completeness could in
some way affect the shape of ψ(z). I computed the ψ(z) using only
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the 56 objects of the revised BAT6 sample. It turns out to be slightly
steeper both at low and high redshifts than the one obtained with
the BAT6ext, but it is totally consistent within the errors. It is pos-
sible to conclude from this simple test that the lower completeness
in redshift of the BAT6ext does not introduce any strong bias in the
obtained ψ(z) and φ(L0). Moreover, all these results tell us that the
C− method can correctly recover the LF and the GRBFR but only if
the sample of GRBs it is applied to is complete in flux and has a high
level of completeness in redshift. Using incomplete samples, the re-
sulting GRBFR and LF can turn out different from the real ones.

5.1 Monte Carlo test of the C− method

We tested the C− method used to derive ψ(z) and φ(L0). Through
a Monte Carlo simulation (similar to e.g. Ghirlanda et al., 2015b) we
explore how well the method adopted above can recover the input
assumptions, i.e. the parent GRBFR ψ(z) and LF φ(L). In particular,
we show that if the used sample is highly incomplete, the resulting
GRBFR and LF can differ significantly from those that were input. In
particular, incomplete samples (either in flux and/or redshift) may
produce a misleading excess of low redshift GRBs with respect to
the assumed ψ(z).
We simulate GRBs that are distributed in redshift according to the

GRB formation rate ψ(z) of Li (2008, see also Hopkins and Beacom
2006):

ψ(z) =
0.0157+ 0.118z

1+ (z/3.23)4.66
(5.2)

where ψ(z), in units of M⊙ yr−1 Mpc−3, represents the formation
rate of GRBs and we assume it can extend to z ≤ 10. We stress that
for the scope of the present test any other functional form of ψ(z)
could be assumed.
We adopt a luminosity function φ(L), as obtained by Salvaterra

et al. (2012), from a complete sample of Swift GRBs:

φ(L) ∝







(

L
Lb

)a
, L ≤ Lb

(

L
Lb

)b
, L > Lb

(5.3)

composed of two power laws with a break atLb. We adopt arbi-
trary parameter values: a = −1.2, b = −1.92 and Lb = 5 × 1050
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Figure 5.3: Left panel: GRB formation rate (normalized to its peak) for the simu-
lated population of GRBs with flux limit 5× 10−8 erg cm−2 s−1 (black sym-
bols). The GRB formation rate assumed in the simulation is shown by the
dashed green line. The red symbols show the results obtained from the same
sample using, for the analysis, a flux limit factor of 5 smaller than the real
one. Blue symbols are obtained by mimicking the sample incompleteness by
removing some GRBs randomly near the flux threshold adopted for the sam-
ple selection. Right panel: cumulative luminosity function, normalized to the
first bin. The black, red, and blue symbols are the same as for the left panel.
The assumed luminosity function is shown by the dashed green line.

erg/s. We further assume an evolution in the luminosity propor-
tional to (1+ z)k with k = 2.2. Here, L is the bolometric luminosity
of the simulated bursts, and therefore L/4πd2L(z) is the correspond-
ing bolometric flux. For this reason we do not need to assume any
spectral shape for the simulated GRBs to obtain the values of Llim
and zmax. Also for φ(L) we use this functional form but any other
function could be assumed for the scope of the present test. With
these two assumptions, we simulate a sample of GRBs with a flux
limit Flim = 5× 10−8 erg cm−2 s−1 and we analyze it with the C−

method. Accounting for the truncation of the sample, we recover
the luminosity evolution in the form (1+ z)k, with k ∼ 2.2, using
the statistical method of Efron and Petrosian (1992). Then we work
with the de–evolved GRB luminosities L0 = L/(1 + z)2.2 and de-
rive the GRB formation rate ψ(z) and the luminosity function φ(L0)
through the C− method proposed by Lynden-Bell (1971). The left–
hand panel of Fig.5.3 shows that we recover the GRB formation rate
adopted in the simulation (Eq.5.2 – green dashed line). Similarly,
the right–hand panel of Fig.5.3 shows that we also recover the lumi-
nosity function that we adopted in the simulated sample (Eq.5.3 –
dashed green line).
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We then tested what happens if we apply the same method to an
incomplete sample. Firstly we applied the C− method to the same
simulated sample, which is built to be complete to Flim = 5× 10−8
erg cm−2 s−1, from which we randomly removed a fraction of the
bursts close to Flim. This new sample is clearly incomplete to Flim.
The results are shown in Fig.5.3. We find that the GRB formation rate
ψ(z) is flat at low redshifts (i.e. below z = 2), which shows a clear ex-
cess with respect to the assumed function. The luminosity function
is flatter than the assumed one (see the right–hand panel of Fig.5.3).
Similar results were obtained by assuming for the derivation of ψ(z)
and φ(L0) a flux limit which is a factor of five smaller than that used
to construct the simulated sample, which is an- other way to make
the sample artificially incomplete. The results are shown in the pan-
els of Fig.5.3. We note that in this second test, the sample used is the
same but it is analyzed through the C− method, assuming it is com-
plete with respect to a flux limit which is smaller (a factor of five)
than the one corresponding to its real completeness (i.e. 5 × 10−8
erg cm−2 s−1). These simulations show that if the samples adopted
are highly incomplete in flux, an excess at the low redshift end of the
GRB formation rate and a flatter luminosity function are obtained.

5.2 The BAT6ext complete sample

The BAT6 complete sample as defined in Salvaterra et al. (2012) was
composed of 58 Swift GRBs with (i) optimal orientation in the sky
and favourable observing conditions for their redshift determina-
tion as proposed in Jakobsson et al. (2006):

• well localized by Swift/XRT

• low Galactic extinction (AV < 0.5)

• GRB declination −70◦ < δ < 70◦

• Sun–to–field distance θsun > 55◦

• no nearby bright star

and (ii) a peak photon flux P ≥ 2.6 ph cm−2 s−1 (integrated over the
[15− 150] keV Swift/BAT energy band). This sample, which is com-
plete in flux by definition, after selection turned out to be also highly
complete (∼ 90%) in redshift (i.e. 52 out of 58 bursts have z). The
study of the isotropic equivalent luminosity L of the bursts of the

72



5.2. The BAT6ext complete sample

BAT6 sample requires the knowledge of their broad–band prompt
emission spectrum. Nava et al. (2012) collected 46 out of 52 GRBs,
within the BAT6, with well constrained Ep and z. The remaining
six bursts with measured z did not have Ep measurements. One of
the main drawbacks of the narrow/soft energy range of the BAT
instrument is the difficulty in measuring the peak Ep of the νF(ν)
spectrum for the several bursts it detects. Other instruments (e.g.
Konus/Wind – Aptekar et al. (1995), Fermi/GBM – Meegan et al.
(2009) or Suzaku/WAM – Yamaoka et al. (2009)) compensate for this
deficiency, by means of their wide energy range, and measuring a
spectrum that extends from few keV to several MeV.
Sakamoto et al. (2009) showed that for Swift bursts withmeasured

Ep there is a correlation between the slope of the spectrum αPL (when
fitted with a single power–lawmodel) and the peak energy Ep (mea-
sured by fitting a curved model). With the aim of enlarging the sam-
ple of Nava et al. (2012), I estimated the Ep of those six bursts of the
BAT6, whose BAT spectrum is fitted by a single power law, through
this relation. I also verified that estimates Ep were consistent with
those of the other bursts (I performed the K–S test finding a proba-
bility of ∼ 70% that the two sets of peak energies originate from the
same distribution). I found that all but one GRB, i.e. 070306, have
Erestp = Eobsp (1+ z), which is consistent with the upper/lower limit
reported in Nava et al. (2012). Therefore, I was the first to extend the
number of burst with measured z and L in the original BAT6 sample
to 50 out of 58 bursts.
Since the construction of the BAT6 on 2012, other bursts that sat-

isfy its selection criteria were detected by Swift. Moreover, some
bursts that were already present in the original BAT6 sample were
re–analyzed and either their redshifts and/or their spectral proper-
ties were revised. Therefore, the first aim was to revise the BAT6
sample. In particular, the revision of eight redshifts is included in
the revised sample (marked in italics in the table – with their lumi-
nosity updated). The revised BAT6 sample then contains 56 out of 58
GRBs with measured z and 54 out of 58 that also have a bolometric
isotropic luminosity L. Taking only the redshift into consideration,
the sample is ∼ 97% complete while, if the knowledge of L is also
required, the completeness level is only slightly smaller (∼ 93%).
Then, I extended the BAT6 revised sample with new events that

have been detected since 2012, and which satisfy the same selection
criteria of the burst already present in the sample. The extended
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sample contains 99 GRBs. Spectral parameters of the new GRBs
have been collected in the existing literature. For events (6 out of
41 bursts) with only a Swift single power–law spectrum, I estimated
Ep through the Sakamoto et al. (2009) relation. The BAT6 extended
(BAT6ext) counts 82 out of 99 GRBs with z (and 81 out of 99 with z
and L). Its completeness in redshift is ∼ 82%.
The BAT6ext is presented in Tab.5.1. The first 58 bursts are the

original BAT6, while the others constitute the extension. For each
GRB, Tab.5.1 shows the redshift z, the spectral parameters (high and
low photon indexes α and β, and the rest frame peak energy Ep), the
peak flux with the relative energy band, and the isotropic equivalent
luminosity L. The spectrum is a cut–off power–law (CPL) if only the
low energy photon index α is reported and a band function, if the
high energy photon index β is also given. When z is not measured,
we report the observed peak energy. The luminosities reported in
the table are only calculated in the [1− 104] keV rest frame energy
range for those GRBs having both z and Ep.
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Table 5.1: BAT6ext (BAT6 extended) GRB complete sample. Columns report, in
order, the redshift z, the spectral photon indices α and β, the peak flux in
units of 10−7 erg cm−2 s−1 (except for those with the ⋆ which are in units of
photons cm−2 s−1), the respective energy band, the rest-frame peak energy
Ep and the bolometric equivalent isotropic luminosity L (calculated in the
[1− 104] rest-frame energy range). For L we also give the 1σ error. b Bursts
with missing z are reported with their observer frame Eobsp for completeness,
they are not used in the present work. c The peak energy has been esti-
mated with the relation of Sakamoto et al. (2009). The eight GRBs (already
present in the compilation of Nava et al. 2012) with an updated redshift es-
timate are marked in italics. In the last column we report the references, in
order, for the spectral parameters and for the redshift: 1) Nava et al. (2012), 2)
Covino et al. (2013), 3) Krühler et al. (2015), 4) GCN#12133, 5) GCN#12135-
12137, 6) GCN#12190, 7) GCN#12352, 8) GCN#12424, 9) GCN#12431,
10) GCN#12749, 11) GCN#12761, 12) GCN#12801, 13) GCN#12839, 14)
GCN#12874, 15) GCN#12865, 16) GCN#13120, 17) GCN#13118, 18)
GCN#13412, 19) GCN#13536, 20) GCN#13532, 21) GCN#13559, 22)
GCN#13562, 23) GCN#13634, 24) GCN#13628, 25) GCN#13721, 26)
GCN#13723, 27) GCN#13990, 28) GCN#13992, 29) GCN#13997, 30)
GCN#14052, 31) GCN#14419, 32) GCN#14437, 33) GCN#14487, 34)
GCN#14491, 35) GCN#14469, 36) GCN#14493, 37) GCN#14545, 38)
GCN#14575, 39) GCN#14567, 40) GCN#14720, 41) GCN#14808, 42)
GCN#14796, 43) GCN#14869, 44) GCN#14959, 45) GCN#14956, 46)
GCN#15064, 47) GCN#15145, 48) GCN#15144, 49) GCN#15203, 50)
GCN#15187, 51) GCN#15413, 52) GCN#15407, 53) GCN#15452, 54)
GCN#15450, 55) GCN#15669, 56) GCN#15805, 57) GCN#15800, 58)
GCN#15853, 59) GCN#16134, 60) GCN#16125, 61) GCN#16220, 62)
GCN#16217, 63) GCN#16262, 64) GCN#16310, 65) GCN#16423, 66)
GCN#16473, 67) GCN#16495, 68) GCN#16489, 69) GCN#16512, 70)
GCN#16505.

GRB z α[β] Peak flux Range Ep L Ref
10−7 erg cm−2 s−1 (keV) (keV) (×1051 erg/s)
⋆ phot cm−2 s−1

050318 1.44 −1.34± 0.32 2.20± 0.17 [15− 150] 115± 27 4.76± 0.86 1,1
050401 2.9 −1.0[−2.45] 24.5± 1.2 [20− 2000] 499± 117 201± 11 1,1
050416A 0.653 −1.0[−3.4] 5.0± 0.5⋆ [15− 150] 26± 4 0.97± 0.12 1,1
050525A 0.606 −0.99± 0.11 47.7± 1.2⋆ [15− 350] 127± 6 7.24± 0.28 1,1
050802c 1.71 −1.6± 0.1 2.21± 0.35 [15− 150] 301 9.51± 1.71 1,1
050922C 2.198 −0.83± 0.24 45± 7 [20− 2000] 416± 118 187± 30 1,1
060206 4.048 −1.12± 0.30 2.02± 0.13 [15− 150] 409± 116 49.6± 7.1 1,1
060210 3.91 −1.12± 0.26 2.8± 0.3⋆ [15− 150] 574± 187 52.8± 11.1 1,1
060306 1.55 −1.2± 0.5 4.71± 0.28 [15− 150] 178.5± 76.5 11.49± 2.26 1,2
060614 0.125 −1.5 11.6± 0.7⋆ [15− 150] 55± 45 0.05± 0.01 1,1
060814 1.92 −1.43± 0.16 21.3± 3.5 [20− 1000] 750± 245 71.7± 13.1 1,1
060904A − −1.22± 0.05 13± 3 [20− 10 000] 235± 25b − 1,1
060908 1.88 −0.93± 0.25 2.81± 0.23 [15− 150] 426± 207 12.7± 3.1 1,1
060912Ac 0.94 −1.85± 0.08 25± 9 [20− 10 000] 127 20.6± 7.4 1,1
060927 5.47 −0.81± 0.36 2.47± 0.17 [15− 150] 459± 90 108.7± 13.1 1,1
061007 1.261 −0.75± 0.02 120± 10 [20− 10 000] 965± 27 109.2± 8.9 1,1

[−2.79± 0.09]
061021 0.346 −1.22± 0.13 37.2± 9.3 [20− 2000] 1046± 485 1.77± 0.46 1,1
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GRB z α[β] Peak flux Range Ep L Ref
10−7 erg cm−2 s−1 (keV) (keV) (×1051 erg/s)
⋆ phot cm−2 s−1

061121 1.314 −1.32± 0.05 128± 17 [20− 5000] 1402± 185 142± 19 1,1
061222A 2.09 −1.00± 0.05 48± 13 [20− 10 000] 1091± 167 140± 38 1,1

[−2.32± 0.38]
070306c 1.50 −1.67± 0.1 3.04± 0.16 [15− 150] > 263 > 9.99 1,1
070328 2.063 −1.11± 0.04 59± 12 [20− 10 000] 2349 157.6± 37.6 1,3

[−2.33± 0.24]
070521 2.087 −0.93± 0.12 41.2± 9.1 [20− 1000] 685.6± 73.6 144.1± 32.6 1,3
071020 2.145 −0.65± 0.29 60.4± 20.8 [20− 2000] 1013± 204 213± 73 1,1
071112Cc 0.82 −1.09± 0.07 8.0± 1.0⋆ [15− 150] 596 6.57± 0.86 1,1
071117 1.331 −1.53± 0.15 66.6± 18.3 [20− 1000] 648± 317 95.4± 28.4 1,1
080319B 0.937 −0.86± 0.01 226± 21 [20− 7000] 1307± 43 101.6± 9.4 1,1

[−3.59± 0.45]
080319C 1.95 −1.20± 0.10 33.5± 7.4 [20− 4000] 1752± 504 96.1± 21.7 1,1
080413B 1.10 −1.23± 0.25 14.0± 0.6 [15− 150] 163± 34 14.9± 1.8 1,1
080430c 0.77 −1.73± 0.08 1.82± 0.13 [15− 150] 149 1.16± 0.13 1,1
080602c 1.820 −0.96± 0.63 19.2± 5.8 [20− 1000] 1216 51± 17 1,3
080603B 2.69 −1.23± 0.64 15.1± 3.9 [20− 1000] 376± 214 116.6± 38.9 1,1
080605 1.64 −1.03± 0.07 160± 33 [20− 2000] 665± 48 308.7± 62.8 1,1
080607 3.036 −1.08± 0.06 269± 54 [20− 4000] 1691± 169 2260± 446 1,1
080613B − −1.05± 0.18 47.6± 13.1 [20− 3000] 33± 239b − 1,1
080721 2.591 −0.96± 0.07 211± 35 [20− 7000] 1785± 223 1039± 173 1,1

[−2.42± 0.29]
080804 2.20 −0.72± 0.04 7.30± 0.88 [8− 35 000] 810± 45 27.0± 3.2 1,1
080916A 0.689 −0.99± 0.05 4.87± 0.27 [8− 35 000] 208± 11 1.08± 0.06 1,1
081007 0.53 −1.4± 0.4 2.2± 0.2⋆ [25− 900] 61± 15 0.43± 0.09 1,1
081121 2.512 −0.46± 0.08 51.7± 8.3 [8− 35 000] 608± 42 195.4± 33.7 1,1

[−2.19± 0.07]
081203A 2.10 −1.29± 0.14 2.9± 0.2⋆ [15− 150] 1541± 756 28.3± 8.9 1,1
081221 2.26 −0.83± 0.01 24.2± 0.5 [8− 35 000] 284± 2 101± 2 1,3
081222 2.77 −0.90± 0.03 17.6± 0.58 [8− 35 000] 630± 31 95± 6 1,1

[−2.33± 0.10]
090102 1.547 −0.97± 0.01 29.3± 0.91 [8− 35 000] 1174± 38 45.7± 1.4 1,1
090201 2.1 −0.97± 0.09 73.0± 12.6 [20− 2000] 489.8 269.5± 47.6 1,2

[−2.80± 0.52]
090424 0.544 −1.02± 0.01 91.2± 1.4 [8− 35 000] 250.0± 3.4 11.16± 0.18 1,1

[−3.26± 0.18]
090709A 1.8 −0.85± 0.08 39± 6 [20− 3000] 834.4 91.9± 13.9 1,2

[−2.7± 0.24]
090715B 3.00 −1.1± 0.37 9.0± 2.5 [20− 2000] 536± 164 82.6± 25.2 1,1
090812 2.452 −1.03± 0.07 2.77± 0.28⋆ [100− 1000] 2023± 663 96.3± 16.0 1,1
090926B 1.24 −0.19± 0.06 4.73± 0.28 [8− 35 000] 212.0± 4.3 4.28± 0.25 1,1
091018 0.971 −1.53± 0.48 4.32± 0.95 [20− 1000] 55± 26 4.75± 1.33 1,1
091020 1.71 −1.20± 0.06 18.8± 2.6 [8− 35 000] 507± 68 32.7± 5.2 1,1

[−2.29± 0.18]
091127 0.49 −1.25± 0.05 93.8± 2.3 [8− 35 000] 51.0± 1.5 9.09± 0.24 1,1

[−2.22± 0.01]
091208B 1.063 −1.29± 0.04 25.6± 0.97 [8− 35 000] 246± 15 17.5± 0.7 1,1
100615A 1.4 −1.24± 0.07 8.3± 0.2⋆ [8− 1000] 206.4± 20.4 10.15± 0.87 1,2

[−2.27± 0.11]
100621A 0.542 −1.70± 0.13 17.0± 1.3 [20− 2000] 146± 23 3.17± 0.34 1,1

[−2.45± 0.15]
100728B 2.106 −0.90± 0.07 5.43± 0.35 [8− 35 000] 404± 29 18.7± 1.3 1,1
110205A 2.22 −1.52± 0.14 5.1± 0.7 [20− 1200] 715± 238 25.1± 4.3 1,1
110503A 1.613 −0.98± 0.08 100± 10 [20− 5000] 572± 50 180.7± 19.7 1,1

[−2.7± 0.3]
110709A − −1.16± 0.02 15.4± 1.7⋆ [10− 1000] 533± 37b − 4,−
110709B < 4 −1.0+0.14−0.13 11± 1 [20− 5000] 278+43 b−32 − 5,6
110915A − −0.94± 0.23 3.3± 0.2⋆ [15− 150] 124.8± 41.4b − 7,−
111008Ac 4.989 −1.86± 0.09 6.4± 0.7⋆ [15− 150] 384 303.3± 48.8 8,9
111228Ac 0.715 −1 [−2.27± 0.06] 12.4± 0.5⋆ [15− 150] 46 3.64± 0.27 10,11
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GRB z α[β] Peak flux Range Ep L Ref
10−7 erg cm−2 s−1 (keV) (keV) (×1051 erg/s)
⋆ phot cm−2 s−1

120102A − −1.19± 0.03 22.8± 1.6⋆ [10− 1000] 380± 33b − 12,−
120116A − −1.31± 0.41 4.1± 0.3⋆ [15− 150] − − 13,−
120119A 1.728 −0.98± 0.03 16.9± 0.4⋆ [10− 1000] 189.2± 8.3 56.9± 2.7 14,15

[−2.36± 0.09]
120326A 1.798 −1.41± 0.34 4.6± 0.2⋆ [15− 150] 115± 19 10.8± 1.8 16,17
120703A − −0.81+0.3−0.25 54± 13 [20− 10 000] 295+88 b−56 − 18,−
120729Ac 0.8 −1.62± 0.08 2.9± 0.2⋆ [15− 150] 192 1.27± 0.11 19,20
120802A 3.796 −1.21± 0.47 3.0± 0.2⋆ [15− 150] 274.3± 93.0 40.7± 5.7 21,22
120811C 2.671 −1.4± 0.3 4.1± 0.2⋆ [15− 150] 157.5± 20.9 25.4± 4.5 23,24
120907A 0.97 −0.75± 0.25 4.3± 0.4⋆ [10− 1000] 304.4± 64.8 2.45± 0.27 25,26
121123A 2.7 −0.96± 0.2 2.6± 0.2 [15− 150] 240.5± 18.9 14.9± 1.4 27,28
121125A − −1.38± 0.06 4.2± 0.3 [10− 1000] 196± 26b − 29,−
121209Ac 2.1 −1.43± 0.08 3.4± 0.3⋆ [15− 150] 494 17.4± 1.6 30,3
130420A 1.297 −1.52± 0.25 3.4± 0.2⋆ [15− 150] 76.3± 15.6 3.77± 0.65 31,32
130427A 0.339 −0.958± 0.006 6900± 100 [20− 1200] 1371.3± 10.7 384.1± 5.7 33,34

[−4.17± 0.16]
130427Bc 2.78 −1.64± 0.15 3.0± 0.4 [15− 150] 386 29± 5 35,36
130502A − −1.0± 0.3 7± 1 [8− 1000] 83± 17b − 37,−
130505A 2.27 −0.69± 0.04 690± 30 [20− 1200] 2063.4± 101.4 3959± 172 38,39

[−2.03± 0.03]
130527A − 1.04± 0.04 500± 30 [20− 10 000] 1380± 120b − 40,−
130606Ac 5.913 −1.14± 0.15 2.6± 0.2⋆ [15− 150] 2032 229.5± 24.3 41,42
130609B − −0.66± 0.22 13.6± 0.4⋆ [10− 1000] 491± 20b − 43,−

[−2.6± 0.2]
130701A 1.555 −0.9± 0.21 17.1± 0.7 [15− 150] 227.9± 31.6 28.9± 1.5 44,45
130803A − 0.85± 0.09 7.1± 0.3⋆ [10− 1000] 141.6± 12.2b − 46,−
130831A 0.479 −1.61± 0.06 25± 3 [20− 10 000] 81.3± 5.9 3.68± 0.45 47,48

[−3.3± 0.3]
130907A 1.238 −0.91± 0.02 220± 10 [20− 10 000] 881.8± 24.6 185.6± 8.8 49,50

[−2.34± 0.07]
131030A 1.293 −0.71± 0.12 100± 10 [20− 10 000] 405.9± 22.9 103± 11 51,52

[−2.95± 0.28]
131105A 1.686 −0.88± 0.38 20± 2 [20− 10 000] 419± 102 37.4± 4.9 53,54

[−2.33± 0.33]
140102A − −0.71± 0.02 49.7± 0.5⋆ [10− 1000] 186± 5b − 55,−

[−2.49± 0.07]
140206A 2.73 −1.04± 0.15 19.4± 0.5⋆ [15− 150] 376.4± 54.1 141.5± 4.8 56,57
140215A − −0.66± 0.11 35.7± 3.5 [20− 10 000] 214± 14b − 58,−

[−2.94± 0.35]
140419A 3.956 −0.63+0.36−0.22 47+18−19 [20− 10 000] 1452.1± 416.3 572.6± 25.2 59,60

[−2.3+0.4−2.5]
140506A 0.889 −0.9± 0.2 14.2± 0.7⋆ [10− 1000] 266± 68 11.5± 1.3 61,62

[−2.0± 0.1]
140512A 0.72 −1.33± 0.03 11.0± 0.3⋆ [10− 1000] 1011± 145 5.28± 0.47 63,64
140619A − −1.45± 0.14 4.6± 0.2⋆ [15− 150] 117.8± 46.2b − 65,−
140628A − −1.56± 0.09 2.8± 0.2⋆ [15− 150] − − 66,−
140629A 2.275 −1.42± 0.54 4.7± 0.7 [20− 10 000] 281.7± 57.4 27.1± 5.5 67,68
140703A 3.14 −1.10± 0.06 4.1± 0.2⋆ [10− 1000] 732.8± 58.0 41.6± 2.2 69,70
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CHAPTER6
Constraints on the GRB jet structure through

the luminosity function – φ(L)

There are clear evidences that lead us to think that the emission of
long GRBs is collimated in relativistic jets. There are somehowmore
observational evidences and theoretical arguments supporting this
scenario for long GRBs. The direct measure of the steepening of the
afterglow light curve at few days post burst has been interpreted
as a signature of the collimated outflow. From the measure of this
break time (more often observed in long GRBs than in short – most
likely for the different afterglow flux in the two populations) the jet
opening angles have been inferred. While long GRBs seem to have
a log–normal jet distribution peaked between 3 and 5 degrees, there
are fewer estimates of θjet for the population of short GRBs. Jets in
GRBs are thought to be the most extreme in terms of typical power
(1050−54 erg/s) and of Lorentz factor (Γ ∼ 102 − 103).
One compelling question on GRB jets is what is their structure.

With “structure” we mean the way the energy and the velocity of
the outflow are distributed within the jet. There are two main types
of jets: uniform, where both the energy and the bulk Lorentz factor
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are constant within the jet aperture θjet and a structured jet, where
these two properties depend on the angle from the jet axis. Several
GRB properties are affected by the jet structure: both the prompt
and afterglow emission properties depend on the jet structure hav-
ing a strong dependence on the relativistic effects induced by the
geometry and dynamics of the jet and the energy content. Globally
also the luminosity function φ(L) and the GRB rates are strongly de-
pendent on the intrinsic jet structure. Moreover, the possibility to
observe GRBs without (or with a very dim) prompt emission and a
late–peaked afterglow (so called orphan afterlgows) depend on the
jet structure.
In this chapter I will show how it is possible to get some insight

on the still unknown structure of GRBs by studying their luminosity
function. For this purpose I used the so–called observed luminosity
function, i.e. the LF (at z = 0 or not evolving in redshift) normalized
at the density of bursts at z = 0 (see Sec.6.3). What I have done is
to derive, given a specific jet model, the associated expected LF and
then I compared it with the LF obtained by observational data. The
results presented in this chapter have been published in the papers
Pescalli et al. (2015) and Salafia et al. (2015).

6.1 Uniform jet

Understanding the structure of GRB jets is a key step forward in un-
veiling the origin of jets in these sources. In fact, what is still under
intense study is the way jets are lunched from the central engine
and collimated (see e.g. Granot, 2007). One of the crucial points in
understanding the nature of this phenomena is the geometrical con-
figuration of the outflow . At the beginning, for simplicity and lack
of observational evidences, it was assumed that the outflow in GRBs
is isotropic. Jets are a common feature of high-energy astrophysical
sources powered by accretion on to compact objects, as Active Galac-
tic Nuclei (AGN) and Quasars (QSO). Moreover, The large isotropic
equivalent energy Eγ,iso of the prompt emission can easily exceed a
solar mass rest energy, unless the radiation is collimated (Tan et al.,
2001). For this reason and by analogy with other kind of sources, the
idea that the emission could be collimated was born.
The first evidence was the steepening of the X, Optical and Radio

afterglow flux light–curve a few days after the burst. This behavior,
is interpreted as due to the collimation of the relativistic outflow.
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Figure 6.1: Afterglow light–curve of GRB990510 in band V, R, I. The achromatic
steepening can be interpreted as a jet–break.

An example of the so–called achromatic jet–break is given in Fig.6.1
where it is shown the afterglow light–curve (in V, R, I bands) with
jet–break of GRB990510. The fact that the time of the steepening is
the same at different frequencies supports the jet–break as due to a
geometrical effect.
It has been typically assumed that GRBs have a Uniform Jet (UJ):

The ejecta are collimated along the black hole rotational axis into a
bipolar conical jet of semi–aperture θjet (Fig.6.2).
The energy per unit solid angle ǫ ≡ dE/dΩ and the ejecta Lo-

rentz factor Γ are constant within the jet and zero outside (sharp–
edged jet). Typically, it is assumed that the radiation can be observed
only if the viewing angle θv ≤ θjet, i.e. if the GRB is pointing to-
wards the observer. Due to the relativistic transformation applied
to photons, the radiation is collimated along the direction of motion
within an angle 1/Γ < θjet. For this reason, it is possible to ob-
serve the radiation coming from those element of fireball at an angle
θ (with respect to the rotational axis) such that |θ − θv|  1/Γ (see
Fig.6.3). Only a small fraction is then accessible to the observer who
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Figure 6.2: caption

cannot distinguish between a collimated jet and a spherical expan-
sion. These assumptions are valid only in the ultrarelativistic case
when Γ ≫ 1/θjet. During the afterglow phase, when the emission
is produced by the deceleration of the relativistic jet by the interstel-
lar medium, Γ decreases allowing to observe an ever larger emitting
surface.
Despite in this phase the visible area is increasing, the afterglow

light–curve is however decreasing because each point of the fireball
is decelerating. When Γ ∼ 1/θjet the contribution given by the in-
crease of the area disappears and a steepening of the afterglow flux
is observed (Rhoads, 1997).
According to the UJmodel, the energetic released during the burst

is smaller than the isotropic estimate because of the collimation. All
the radiation that before was supposed to be emitted isotropically
(solid angle equal to 4π) is now distributed into a bipolar conical
jet whose solid angle is 4π(1 − cos(θjet)). The true energy Eγ =

Eγ,iso(1− cos(θjet)) ≈ Eγ,isoθ
2
jet in the approximation of small open-

ing angle. This correction implies, for an average θjet ∼ 0.1 rad,
a reduction of the energetic and luminosity by a factor ∼ 100 and
a reduction of the dispersion of these quantities for the population
of GRBs (Fig.6.8). The beaming factor fb = (1− cos(θjet)) also af-
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Figure 6.3: caption

fects the rate of events. In the case of isotropic emission, given a
sufficiently sensitive instrument, a GRB is always detectable, while
within the UJ model we can detect only those bursts pointing to-
wards us. The number of observed burst Nobs does not correspond
to the number of those effectively exploded in the Universe N =
fbNobs.
In the following sub–sections I will derive the expected luminos-

ity function associated to the uniform jet.

6.1.1 Uniform jet with unique θjet observed on–axis

In the UJ model, one of the main assumptions is that the emission
can be seen only if the observer line of sight intercepts the jet aper-
ture angle, i.e. θv ≤ θjet. This is valid in the ultrarelativistic ap-
proximation when 1/Γ ≪ θjet. Another important condition is that,
to be observed, the jet must emerge from the progenitor star. This
implies that the central engine has to provide a minimum energy
E⋆ as enough to allow the jet to successfully drill through the stel-
lar envelope. In a recent work, Kumar and Smoot (2014) find that
such required energy must be at least the energy contained in the
cocoon which, based on Mészáros and Rees (2001), can be assumed
≃ 1051 erg. Therefore, if the inner engine provides enough energy
Ekin > E⋆, the jet can escape the star and the GRB can be observed.
The residual energy Ekin − E⋆ will be the total energetic reservoir of
the burst. The brightest GRBs are those with Ekin ≫ E⋆ while if Ekin
is only slightly larger than E⋆ the burst will be under–luminous.
Let assume that the central engines of GRBs provide a total kinetic

energy distributed as a power–law P(Ekin) = dN(Ekin)/dEkin ∝

E−k
kin. Of the energy left after the jet break–out Ekin − E⋆, only a frac-
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tion η can be converted into radiation. The radiative efficiency η is
typically a few per cent in the standard internal shock model (Rees
and Meszaros, 1994). If Eγ = η(Ekin − E⋆) is the collimated energy
that will be converted into radiation, we can define its isotropic equiv-
alent as

Eiso =
η(Ekin − E⋆)

1− cos(θjet)
(6.1)

The probability to detect a GRB with isotropic energy Eiso is equiva-
lent to the probability to have the inner engine providing the corre-
sponding Ekin so we can write

P(Eiso) = P(Ekin)
dEkin
dEiso

(6.2)

Assuming a typical duration and that the prompt emission light–
curve can be approximated by a triangular shape we can define the
isotropic luminosity through the simple relation Eiso ≈ (t × Liso)/s.
Then, the LF in the UJ model is

φ(L) ∝ P(Lkin)
dLkin
dLiso

∝
(1− cos(θjet))

η
L−k
kin

∝
(1− cos(θjet))

η

[

(1− cos(θjet))Liso

η
+ L⋆

]−k

(6.3)

where L⋆ is the collimation corrected (i.e. true) kinetic luminosity
necessary to punch the star, while Liso is the observed, isotropically
equivalent radiative luminosity. The latter we obtained is the LF of
all bursts including also those ones non detectable, i.e. not pointing
to the Earth. In first approximation, if the opening angle is the same
for all bursts, we will see only a fraction (1− cos(θjet)), independent
from the luminosity. Therefore, the LF of the observed population is

φ(L) ∝
(1− cos(θjet))2

η

[

(1− cos(θjet))Liso

η
+ L⋆

]−k

(6.4)

The luminosity function of the uniform jet has basically two regimes:

φ(L) ∝

{

const, Liso ≪ ηL⋆/(1− cos(θjet))
L−k
iso , Liso ≫ ηL⋆/(1− cos(θjet))

(6.5)
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When the inner engine provides a collimated kinetic luminosity L ≫
L⋆ it will produce successful GRBs that build up the power–law be-
havior of the LF, otherwise for L ≃ L⋆, the LF becomes flat under
a characteristic equivalent isotropic luminosity. The transition be-
tween these two regimes corresponds to the characteristic luminos-
ity Liso ∼ ηL⋆/(1− cos(θjet)).
Bromberg et al. (2012) derived similar consequences concerning

the GRB duration distribution adopting the same arguments. If the
central engine lasts much longer than the time necessary for the jet
to drill through the star (break–out time), the resulting GRBwill be a
long one. If the central engine duration is comparable to the break–
out time, but slightly longer, the GRB will be short and the time
distribution results flat below the characteristic time.

6.1.2 Uniform Jet with luminoisty dependent aperture θjet(L) ob-

served on–axis

In the last subsection we assumed that all GRBs have the same jet
angle. However, there is the possibility that the different luminosi-
ties we observe are in some way linked to the dimension of the
jet in which the inner engine injects the energy. In this case one
should expect an anti–correlation between Liso and θjet. Indeed, it
has been shown that such a relation exists for GRBs with measured
θjet (e.g. Lloyd-Ronning et al., 2004; Firmani et al., 2005; Ghirlanda
et al., 2005).
The peak energy Epeak is correlated with the equivalent isotropic

energy through the relation Epeak = kAEA
iso (Amati et al., 2002). A

similar correlation also exists with the equivalent isotropic luminos-
ity: Epeak = kYEY

iso (Yonetoku et al., 2004). The slopes of these two
correlations are similar: A ∼ Y ∼ 0.5 (see Sec.1.3).
If Eiso is corrected for the jet collimation obtaining Eγ = (1 −

cos(θjet))Eiso, the correlation becomes tighter and steeper: Epeak =

kGEG
iso (Ghirlanda et al., 2004, see Sec.1.3). The slope depends on

the density profile of the circumburst medium, being G = 0.7 for
a homogeneous density and G = 1 for a wind profile (Nava et al.,
2006). Since the difference between the so–colled Amati and Ghir-
landa correlations relies on the collimation factor (i.e. 1− cos(θjet)),
their different slopes suggest that a relation between the average jet
opening angle and the energy of GRBs may exist: more energetic
(luminous) bursts should have a smaller θjet.
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Such relation can be derived by combining the correlations in this
way:

1− cos(θjet) =
(

kA
kG

)1/G

E
(A−G)/G
iso = CL

−ξ
iso (6.6)

where ξ = (G − A)/G and the conversion from energies to lumi-
nosities is incorporated in the normalization constant C. This rela-
tion also establishes that there is a characteristic minimum luminos-
ity (corresponding to θjet = 90◦) ∼ 7× 1046 erg/s.
We can introduce this relation at the beginning of Eq.6.3 (includ-

ing the bursts not pointing at us) in order to derive the model LF
corresponding to this scenario:

φ(L) ∝
C(1− ξ)L

−ξ
iso

η

[

CL
1−ξ
iso
η

+ L⋆

]−k

(6.7)

Also in this case we can individuate two fundamental regimes:

φ(L) ∝

{

L
−ξ
iso , CL

1−ξ
iso ≪ ηL⋆

L
−ξ−k(1−ξ)
iso , CL

1−ξ
iso ≫ ηL⋆

(6.8)

The luminosity function is a power–law that smoothly changes slope
from high to low luminositywith the break at Liso ∼ (ηL⋆/C)1/(1−ξ).

6.1.3 Uniform jet observed at different viewing angles

Until now, we have described the UJ model in the ultrarelativistic
approximation so that it is possible to detect the burst only if the
viewing angle θv ≤ θjet. More realistically, if Γ is not extreme, even if
the jet is uniform it’s possible to observe some radiation beyond the
jet edges (see sub–sections 6.1.4). Moreover, we are going to describe
the most probable case since it is much more likely to observe the jet
at large viewing angle.
We have to take into account the relativistic beaming factor δ ≡

[Γ(1− β cos(θv))]−1 of the radiation. Assuming a population of bursts
having all the same luminosity Loniso on–axis, the corresponding off-
axis observed luminosity varies as a function of the viewing angle
(see Ghisellini et al. (2006) for GRBs; Urry and Shafer (1984); Celotti
et al. (1993) for blazars). Within the jet opening angle the luminosity
is constant while at larger angles the luminosity rapidly decreases
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6.1. Uniform jet

Figure 6.4: Luminosity as a function of the viewing angle for different combina-
tions of the bulk Lorentz factor Γ and jet opening angle θj.The comoving frame
luminosity L′ is assumed to be the same for all curves. The different line–styles
(colors) show different assumed combinations of θj and Γ. For all the curves,
we have assumed a unique intrinsic comoving luminosity L′ = 1049 erg/s.

and the number of bursts seen at different viewing angles will de-
pend on the corresponding solid angle.

N(L, Loniso)dL =
dΩ

2π
=⇒ N(L, Loniso)dL =

(

dL

d cos(θ)

)−1
(6.9)

The observed luminosity is the sum of the contributions of differ-
ent portions of the emitting surface, each observed under a different
angle (Ghisellini et al., 2006):

L(θv) =
∫ θv+θj

max(0,θv−θj)
∆ϕδ4L′ sin(θ)dθ (6.10)

where L′ is the comoving luminosity per unit solid angle (assumed
constant), θ is the angle between the line of sight and the emitting
element of the jet, and ∆ϕ takes into account the geometry of the
emitting surface. If the observer is perfectly aligned with thew jet
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Figure 6.5: LF corresponding to the different assumptions of θj and Γ of Fig.6.4.
The different symbols show different viewing angles as detailed in the labels.

axis, the emitting surface is a circular corona (∆ϕ = 2π), while for
off-axis observers this results in a portion of a circular corona whose
center depends on θv (Ghisellini and Lazzati, 1999):

∆ϕ =











2π, if θ < θjet − θv

π + 2 sin
(

θ2j −θ2v−θ2
2θvθ

)

, if θ ≥ θjet − θv
(6.11)

Fig.6.4 (upper panel) shows the observed luminosity varies in
function of the viewing angle for different jet opening angles and
on–axis luminosities. The corresponding shape of the LF (assuming
L′ = 1049 erg/s) is shown in Fig.6.5 (same line–styles and colors of
Fig.6.4 with highlighted particular viewing angle) and can be easily
explained.

Small viewing angles: θv < θj Within the jet the observed luminosity is
not perfectly constant but slightly decreases by increasing θv (start-
ing from the center of the jet). This describes the high luminosity
part of the LF, in which φ(L) presents a burst accumulation which
height depends on the jet aperture (Fig.6.5)
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6.1. Uniform jet

Intermediate viewing angles: θj < θv ≤ 2θj Slightly beyond the jet edges
(θv ≥ θj) the observed luminosity drops by a large factor if Γ is large.
For smaller Γ this drop is, of course, smoother. However, for θj ≤
θv ≤ θj (namely, within the chasm, and before reaching the large
viewing angle regime L ∝ δ4), we can approximate the scaling of the
luminosity as L ∝ θ

− f
v . According to equation , we have

Φ(L) ∝

[

dL

d sin(θv)dθv

]−1
∝ θ

f+2
v ∝ L−(1+2/ f ) (6.12)

Note that the slope 1+ 2/ f tends to unity for large f.

Large viewing angles: θv ≫ θj The burst can be considered as a sin-
gle punctiform source with mono–directional velocity, along the jet
axis. In this case, the observed luminosity depends from the bea-
ming factor as δ4. Therefore, taking into account Eq.6.9, φ(L) ∝

(dL/d cos θ)−1 ∝ δ−5 ∝ L−5/4. This results is general, as demon-
strated by Urry and Shafer (1984): for beaming amplification factors
dependence like L ∝ δp, the resulting low luminosity branch of the
observed LF is φ(L) ∝ L−(1+1/p).

6.1.4 Apparent vs intrinsic structure

In this sub–section I want to better describe and deepen the concept
of apparent structure of a GRB, as opposed to its intrinsic structure. I
will outline some of the arguments developed in Salafia et al. (2015,
to which I have collaborated). These topics are fundamental in order
to understand the basis on which the predictions for the luminosity
function are obtained in the previous two sections for different jet
models. The intrinsic structure is defined as the energy emitted by
different portions of the jet at different angular distances θ from the
jet axis, while the apparent structure describes the energy received
by observers under different viewing angles θv. While the intrinsic
structure is linked to the way the inner engine distributes the energy
during the jet formation process (e.g. Blandford and Znajek, 1977,
process) or to the subsequent interaction with the stellar envelope
(in the collapsar scenario), the apparent structure depends on how
relativistic beaming effects shape the emission from each part of the
jet. On the one hand, it is the apparent structure that defines the
observational properties; on the other, one is interested in knowing,
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Figure 6.6: Sketch of the two possible scenarios described in Lipunov et al. (2001).
In (a) GRB jets are seen on–axis, and they differ by their semi–aperture and
consequently their observed energy, with the brightest being the most colli-
mated; in (b) the jet configuration is such that the viewing angle determines
which component contributes most significantly to the received energy.

from a theoretical point of view, the intrinsic structure to find out
e.g. the actual energy emitted by the jet and, through the efficiency,
the total energy (kinetic plus internal and possibly magnetic) and its
distribution within the jet itself. Thus it is useful to make a clear
distinction and establish their interdependence.
Originally, a first version of a structure for the jet was proposed

in Lipunov et al. (2001). Triggered by the idea that the GRBs could
be standard energy explosions with universal energy reservoir ∼
5 × 1051 erg (a similar result was found by Frail et al., 2001) they
proposed two different scenarios: (i) the standard energy collimated
into conical jet with semi–aperture θjet varying from one GRB to an-
other (Fig.6.6 – a); (ii) the jet configuration, made up of two coaxial
conical components and an isotropic component, is the same for all
GRBs (Fig.6.6 – b).

Intrinsic Following Rossi et al. (2002)and Zhang andMészáros (2002)
we define the intrinsic structure of the jet specifying the functions
describing the radiative energy distribution ǫr(θ) and the Lorentz
factor Γ(θ).

• ǫr(θ) is the energy that the portion of the jet comprised between
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6.1. Uniform jet

θ and θ+ dθ emits during the prompt phase, divided by the cor-
responding solid angle, i.e. ǫr(θ) = ηǫ(θ) = ηdE(θ)/dΩ. Here
ǫ(θ) is the intrinsic distribution of the total energy provided by
the inner engine E (kinetic plus internal and magnetic) within
the jet portion, and η is the prompt emission radiative efficiency,
which might as well depend on θ;

• Γ(θ) is the Lorentz factor of the emitting material in the jet por-
tion comprised between θ and θ+ dθ during the prompt phase.

Apparent We define apparent structure the function Eiso(θv) (L(θv))
describing the isotropic equivalent energy (luminosity) inferred by
the observer as a function of the viewing angle θv. Fore the sake of
clarity let apply this definition to simple examples.
An isotropic explosion, defined by ǫ(θ) = ǫ ∀θ ∈ [0,π], has Eiso =

η4πǫ ∀θv. The classical uniform (top–hat) jet (previously introduced
in this section) has:

ǫ(θ) =

{

ǫ, θ ≤ θjet

0, θ > θjet
(6.13)

and

Γ(θ) =

{

Γ, θ ≤ θjet

1, θ > θjet
(6.14)

In the ultrarelativistic approximation (Γ → ∞) the apparent struc-
ture almost perfectly reproduces the intrinsic one. Thus, the uni-
form jet is indistinguishable from an isotropic explosion as long as
θv ≤ θjet (the relativistic beaming does not allow to observe anything
not expanding exactly along the line of sight). For the same reason,
within the UJ model, we can not detect the GRB if θv > θjet. The
corresponding apparent structure is

Eiso(θv) =

{

η4πǫ, θ ≤ θjet

0, θ > θjet
(6.15)

This is the picture typically adopted when the UJ model is assumed
in works on GRBs (dashed line in Fig.6.7, see sub–section 6.1.1).
If we relax the ultrarelativistic assumption one must take into ac-

count the contribution to the observed flux coming from the differ-
ent portions of the jet not aligned with the line of sight. The result
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Figure 6.7: Apparent structure of a uniform jet in the ultrarelativistic limit (black
dashed line) and for Γ = 200 (red solid line). The isotropic equivalent energy is
normalized to its maximum value, corresponding to the jet observed on–axis.
An opening angle θ = 3◦ has been assumed.

of such calculation for the uniform jet is usually dubbed off–axis jet
model (e.g. Ghisellini et al., 2006; Yamazaki et al., 2003; Eichler and
Levinson, 2004; Donaghy, 2006, see sub–section 6.1.3). The transi-
tion from the on–axis (θv ≪ θjet) to the off–axis (θv > θjet) regime
is smoother than the ultrarelativistic case, and a non–zero energy is
received from the observer even at large viewing angles (red solid
line in Fig.6.7).

Given an axisymmetric intrinsic structure defined by the couple
{ǫ(θ), Γ(θ)} it is possible to derive the apparent structure Eiso(θv)
through the following formula (full derivation in Salafia et al., 2015):

Eiso(θv) =
∫

δ3(θ, ϕ, θv)
Γ(θ)

ηǫ(θ) dΩ (6.16)

This equation is valid under the assumptions that the emission comes
from a geometrically and optically thin volume whose surface does
not change significantly during the emission. Here the equivalent
isotropic energy Eiso can be expressed as 4πd2L(z)/(1+ z) times the
bolometric fluence S (dL(z) is the luminosity distance). Given a spec-
trum characterizing the burst emission it is possible to calculate its
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time integral as:

S(ν, θv) =
1+ z

4πd2L(z)

∫

δ2(θ, ϕ, θv)
Γ(θ)

f (x, α)
ν′0 fα

ηǫ(θ) dΩ (6.17)

where we have set x = (1+ z)ν/(δν′0). f (x, α) is the (dimensionless)
comoving spectral shape, which depends on a set of parameters α
and ν′0 is the typical frequency of the comoving spectrum. fα is the
spectrum normalization

fα =
∫ ∞

0
f (x, α) dx (6.18)

Eq. 6.17 it is also useful to calculate the isotropic equivalent energy
in a specific band:

Eiso(θv)|[ν1,ν2] =
4πd2L(z)

1+ z

∫ ν2/(1+z)

ν1/(1+z)
S(ν, θv) dν (6.19)

6.2 Structured jet

The measure of the jet opening angle θjet through the jet–break al-
lowed to estimate the true collimated energy Eγ associated to a burst
(see Fig.6.8). This energy turned out to be clustered around a typi-
cal value ∼ 1051 erg with a dispersion of less than a decade (Frail
et al., 2001; Panaitescu and Kumar, 2001). The small dispersion of
Eγ and the possibility that GRBs can have a standard energy reser-
voir (implying the correlation Eiso ∝ θ−2jet ) led to the idea that the
jet is not uniform, but structured (Lipunov et al., 2001; Zhang and
Mészáros, 2002; Rossi et al., 2002). This scenario assumes that what
was believed to be the jet opening angle θjet is actually the viewing
angle θv. The direct implication is that the burst energetic has to
vary proportionally to θ−2 in order to recover the clustering of Eγ.
More recently, relativistic hydrodynamical simulations (e.g. Zhang
et al., 2004a; Morsony et al., 2007) showed that the interaction of the
jet with the stellar envelope (in the collapsar scenario of long GRBs)
leads inevitably to the formation of some structure in the jet, even
if it remains unclear from these studies if this structure is likely to
have any degree of universality.
While within the uniform jet model GRBs distribute their energy

into jet with different opening angles, within the structured jet model
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Figure 6.8: Caption

bursts have a quasi–universal jet configurationwith a standard energy
reservoir. This can lead to a unification scheme in which all bursts
are intrinsically equal, but they appear different only because are
seen under different angles.
The principal assumption of this model is that the energy distri-

bution within the jet is strongly anisotropic and depending on the
angular distance θ from the jet axis (around which it is reasonable to
assume that most of the energy is concentrated). It is assumed that
the distribution of the energy per unit solid angle ǫ(θ) is constant
within a core of small aperture θc and decaying as a power–law of
slope k at larger angles:

ǫ(θ) =
dE

dΩ
=







ǫc, θ ≤ θc

ǫc

(

θ
θc

)−s
, θ > θc

(6.20)

where there is not a maximum opening angle because in principle
the jet can extend up to π/2. The integral of ǫ(θ) is the total jet
energy E which is a free parameter.
Also the Lorentz factor might not be the same in each point of

the fireball. For simplicity it is assumed the same kind of angular
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Figure 6.9: Apparent structures of three power–law structured jet models. All
power–law models have θc = 2◦, Γc = 400, s = 2 and different values of the
sΓ parameter. The corresponding intrinsic energy structure is shown (black
dashed lines).

Figure 6.10: Power–law SJmodel LF (solid lines) for different values of the power–
law energy structure slope s (as labeled) assuming a core angle of 1◦.
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dependence of the energy:

Γ(θ) =
dΓ

dΩ
=







Γc, θ ≤ θc

1+ (Γc − 1)
(

θ
θc

)−sΓ
, θ > θc

(6.21)

where Γc is the Lorentz factor of the core of the jet. The slope sΓ
strongly depends on the baryon loading. In principle also this prop-
erty can have an angular dependence but if it were constant within
the fireball then Γ should have the same profile of the energy and
sΓ = s.
Fig.6.9 shows the computed apparent structures of three power–

law structured jet models. The more the Lorentz factor varies, the
less the apparent structure mimics the underlying intrinsic struc-
ture. For the sake of simplicity we adopted the ultrarelativistic ap-
proximation in obtaining the LF (Fig.6.10, see the following sub–
section) so that the apparent structure could reproduce the intrinsic
one (note that a similar effect is reproduced by choosing Γ ∼ 102−3

and sΓ = 2).
Despite this jet model does not assume the presence of sharp

edges it is however possible to explain the jet–break. In the hypoth-
esis of ultrarelativistic motion it is possible to observe only a small
portion of fireball centered along the line of sight. Due to the de-
celeration, the observer will see a even larger portion of fireball and
jet–break happen when the accessible area overcome the core of the
jet (Γc(t) ∼ 1/θv).

Gaussian structured jet An interesting and maybe more realistic kind
of jet structure is the Gaussian one. We reformulate the original
structure (see Kumar and Granot, 2003) allowing for the Lorentz fac-
tor structure and intrinsic energy structure to fall off over different
angular scales. The Gaussian intrinsic structure is defined by

ǫ(θ) = ǫce
−( θ

θc )
2

(6.22)

Γ(θ) = 1+ (Γc − 1)e−
(

θ
θΓ

)2

(6.23)
In principle, θc might differ from θΓ because of the following ar-

gument: ǫ(θ) is related to the jet energy density u = ρc2 + p + uB

(where uB is the magnetic energy density) according to

ǫ(θ) ≡ dE(θ)

dΩ
=
4πR2(θ)∆(θ)

4π
u(θ) (6.24)
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Figure 6.11: Apparent structures of three Gaussian jets with different values of
θΓ/θc, together with the apparent structure of a uniform jet for comparison
(blue solid line). The corresponding intrinsic structures are also shown (dashed
lines). The Gaussian jets have θc = 3◦ and Γc = 400; the uniform jet has
θjet = 3◦ and Γ = 400.

where ∆(θ) is the width of the emitting volume and R(θ) the radius
defining its surface. The energy density u is related to the comoving
one by u(θ) = Γ2(θ)u′(θ). Let us take the simplest picture as an ex-
ample: let the emitting volume be a portion of a spherical shell, with
fixed width ∆ and radius R, and let the efficiency η be the same at all
angles. One then gets ǫ(θ) ∝ u(θ) = Γ2(θ)u′(θ). If u’ is constant, this
implies θΓ =

√
2θc. The efficiency, geometry and energy density all

play a role in determining the ratio θΓ/θc. Some mixing is likely to
occur between the jet borders and the stellar envelope (Rossi et al.,
2002), and indeed simulations indicate (e.g. Morsony et al., 2007)
that the jet plasma density increases with the distance from the axis.
This suggests a ratio θΓ/θc  

√
2 (we thus take θΓ/θc = 1 for sim-

plicity). This ratio is the main parameter affecting the slope of the
power–law tail of the apparent structure. Fig.6.11 shows the appar-
ent structure of the Gaussian jet for three values of θΓ/θc, along with
the uniform jet for comparison.
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6.2.1 The structured jet model LF

In the hypothesis of ultrarelativistic jets with constant baryon load-
ing the energy observed at a certain θv is defined as Eiso(θv) =
4πηǫ(θv) where η is the radiative efficiency. Assuming a typical
duration we can define the luminosity as Liso ∝ ǫ(θv). The maxi-
mum observable luminosity is Liso,max ∝ ǫc (for θv ≤ θv) while the
minimum luminosity is for θv = π/2 with consequent ratio

Lmax
Lmin

=

(

π

2θc

)s

(6.25)

which fix the extension of the luminosity function.
Since within the structured jet model GRBs are intrinsically equal,

the different luminosities are linked to different viewing angles. What
is observed only depends on the viewing angle (jet orientation) prob-
ability distribution. The fraction of object observed with a viewing
angle in the interval [θv, θv+ dθv] is the ratio between the solid an-
gle corresponding to the infinitesimal solid angle and half sky (since
there are two opposite jets):

N(θv, θv+ dθv) =

∫ 2π
0 dϕ

∫ θv+dθv
θv sin(θ) dθ

2π
(6.26)

Therefore, the probability to observe between θv and θv + dθv is
P(θv) = dN(θv)/dθv = sin(θv). At this point we can easily calculate
the luminosity function:

φ(L) =
dN

dL
=

dN

dθ

dθ

dL
(6.27)

Inverting the relation in Eq.6.20 and derivating we obtain

φ(L) ∝ sin

{

(

L

Lmax

)− 1
s

θc

}

(

L

Lmax

)−1− 1
s

≈ θc

(

L

Lmax

)−(1+ 2
s )

(6.28)

since the argument of the sine is always small for reasonable values
of θc. The slope of the LF directly depends on the shape of the jet
structure swhich also regulates the extension of the LF (see Fig.6.10).
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Figure 6.12: Long GRB LF representing the number of GRBs per unit volume, time
and luminosity bin. Black symbols represent the discrete LF of WP10.The grey
dashed line is the empirical fit of WP10 with a broken power law with a = 1.2,
b = 2.4 and Lb = 3.2× 1052 erg s−1. The rate of LL GRBs is shown with differ-
ent symbols according to the different sources in the literature: asterisk (Soder-
berg et al., 2006b), diamond (Liang et al., 2007), filled square (Chapman et al.,
2007). The Soderberg et al. (2006b) and Liang et al. (2007) rates were calculated
assuming a time bin corresponding to the Swift lifetime in 2006 (points with
dashed horizontal bars). Since then, no other burst in the same luminosity bin
has been discovered, so we added the rates corrected for the current Swift life-
time (points shown with solid horizontal bars). The lower limits on the rate of
IL GRBs added in this work are shown with the filled (red) triangles.

6.3 The observed luminosity function

Our aim is to test the theoretical luminosity function obtained as-
suming different jet models in order to get some insight on the con-
figuration of the GRB jet. In order to get as much information as pos-
sible we want that the compared LF covers the maximum range pos-
sible of luminosities. Since reliable LF cannot be constructed down
to very low luminosites due to statistical and completeness matters,
there is the need of exploit the rates calculated for the few observed
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faint bursts. For this reason I constructed the observed luminosity
function, i.e. the LF (at z = 0 or not evolving in redshift) normalized
at the density of bursts at z = 0 (see Fig.6.12). In this way it is pos-
sible to extend the LF of high luminosity GRBs (HL – black points
in Fig.6.12) towards lower luminosities using the rate of low lumi-
nosity GRBs (LL – blue asterisks and green diamonds in Fig.6.12 ). I
also added lower limits in the region of intermediate luminosity (IL
– red triangles in Fig.6.12).

HL GRBs Wanderman and Piran (2010, WP10 hereafter) adopted a
direct inversion method (explained in Sec.4.2) on the distribution of
GRBs in the L − z space obtaining simultaneously φ(L) and ψ(z)
independently. They selected a sample of long GRBs with spec-
troscopically measured redshift and isotropic equivalent luminosi-
ties Liso ≥ 1050 erg/s detected by Swift/BAT. The derived LF is
represented by a discrete series of data points (Fig.3 of WP10) in
eight equal logarithmic bins of luminosity and it is represented by
a broken power law with best fit parameters a = 1.2+0.2−0.1 and b =

2.4+0.3−0.6, with the break at Lb = 1052.5±0.2 erg/s (note that WP10
use dN/d log(L), whereas the common differential LF is defined
as dN/dL = dN/(Ld log(L)) so that the WP10 slopes are here in-
creased by 1). These parameter values are consistent with those
derived with the classical indirect approach described at the begin-
ning of Chp.4. This function has been normalized at the local GRB
rate ρ0 ≃ 1.3 Gpc−3 yr−1 (WP10). Black points in Fig.6.12 show
the renormalized discrete LF of WP10 which covers the luminosity
range between 1050 and 1054 erg/s. The best fit obtained by WP10 is
shown as a grey long dashed line.

IL GRBs In the luminosity range between HL and LL bursts (see
Fig.6.12), it is possible to add some constraints. Firstly, I have searched
all GRBs with measured redshift z and with Liso ∈ [1048, 1050] erg/s.
In order to have Liso well determined we need that the peak energy
and all other parameters of the spectrum at the peak of the light–
curve has constrained. Only in this case it is possible to compute
the bolometric isotropic luminosity. The bursts having such proper-
ties (grouped in three luminosity bin) are: GRB051109B with Liso ∈
[1048, 3× 1048] erg/s; GRB020903, 031203, 060505 with Liso ∈ [3×
1048, 1049] erg/s; GRB120422A, 130702 with Liso ∈ [1049, 3 × 1049]
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GRB z Refa α β Epeak P ∆E Refb Pbol Liso(×1048) Instr. Plim,bol
keV ph cm−2s−1 keV ph cm−2s−1 erg/s ph cm−2s−1

020903 0.25 1 −1.0 – 3.37 2.8 [2− 400] 7 6.52 4.86 Hete–II 3.0
031203 0.105 2 −1.63 – 144 2.2 [15− 150] 8,9,10 17.9 10 Integral 3.0
051109B 0.08 3 −1.90 – 50† 0.5 [15− 150] 11,12,13 9.43 1.64 Sxift 1.3
060505 0.089 4 −1.8 – 239† 1.9 [15− 150] 11 8.0 7.14 Sxift 0.8
120422A 0.283 5 −1.94 – 53 0.6 [15− 150] 14 11.35 27 Sxift 2.5
130702A 0.145 6 −1.0 −2.5 20 7.03 [10− 1000] 15 7.03 28.7 Sxift 2.5

Table 6.1: Intermediate Luminosity (IL) GRBs. a References for the redshift: (1) GCN #1554 Soderberg et al. (2002); (2) GCN
#2482 Prochaska et al. (2003); (3) GCN #5387 Perley et al. (2005); (4) GCN #5161 Thoene et al. (2006); (5) GCN #13251 Tanvir
et al. (2012); (6) GCN #14983 Leloudas et al. (2013); b References for the spectral parameters: (7) Sakamoto et al. (2004);
(8) Bošnjak et al. (2014); (9) Sazonov et al. (2004); (10) Ulanov et al. (2005); (11) Troja et al. (2006); (12) Sakamoto et al. (2009);
(13) Butler et al. (2007); (14) Zhang et al. (2012b); (15) von Kienlin et al. (2014). † Epeak computed through the α − Epeak
correlation of Sakamoto et al. (2009) for Swift GRBs (for GRB051109B consistent also with the estimate of Butler et al. (2007)).
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erg/s. The associated rate ρLL has been computed adopting the
same method described for LL GRBs in Soderberg et al. (2006b).
The prompt emission spectral parameters and flux of these bursts,
through which I have computed their bolometric flux, are reported
in Tab.6.1. In triggering these events were involved three different
instruments (Column 10 in Tab.6.1), which have the following in-
strumental parameters: Ω = 1.33 sr and T = 8 yr for Swift, Ω = 0.1
sr and T = 10 yr for Integral and Ω = 0.802 sr and T = 4 yr for
Hete–II. The last column in Tab.6.1 reports the limiting flux of the
corresponding detectors as computed by Band (2002, 2006) which
depends on the burst peak spectral energy Epeak (in the observer
frame). These limiting flux Plim (computed in the [1− 1000] energy
band) are used to compute the maximum distance (and therefore
Vmax) out to which these events could have been detected. The rates
ρLL calculated for these events (red triangles in Fig.6.12) should be
considered as lower limits: I only selected GRBs with measured
redshifts and well–constrained spectral parameters. These are most
likely only a fraction of the bursts, with similar luminosities, which
effectively triggered the corresponding detector.

LL GRBs At the low end of the luminosity distribution of GRBs,
i.e. Liso ∼ 1046−48 erg/s, two particular events (GRB980425 and
GRB060218) have been detected in the local Universe. Such events
are extremely rare but their high proximity makes them represen-
tative of a large number of events. Moreover, these bursts are as-
sociated to SN events and have been intensively studied as direct
evidences of the massive star progenitor of long GRBs. Their lumi-
nosity is more than three/four orders of magnitude smaller than HL
bursts, and their rate is larger (e.g. Soderberg et al., 2006b). GRB980425
(z = 0.008, associated with SN1998bw – Galama et al., 1998) was de-
tected by CGRO/BATSE and had Liso ∼ 7× 1046 erg/s (as computed
from its prompt emission spectrum – Jimenez et al., 2001). Similarly,
GRB 060218 (z = 0.0331, associated with SN2006aj – Sollerman et al.,
2006), detected by Swift/BAT, had Liso ∼ 1.3× 1047 erg/s (Campana
et al., 2006). The rate of these LL events can be singularly computed
as:

ρLL = 4π
NLL

VmaxTΩ
(6.29)

where Vmax is the maximum volume within which they could be
detected by an instrument with an assigned sensitivity, with a field
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of view Ω and operating for a time T. Based on GRB980425 and
GRB060218, Soderberg et al. (2006, see also Pian et al., 2006) de-
rived the rate of LL events by conservatively averaging over Vmax
and Ω for different detectors (BeppoSAX/Wide Field Camera, Hete–
II/Wide Field X–ray Monitor and Swift/BAT). They obtained a rate
ρLL ∼ 230+490−190 Gpc

−3 yr−1. This rate has been converted dividing for
the for width of the corresponding luminosity interval [1046, 1048]
erg/s and obtaining ρ̃LL ∼ 2.3× 10−46 Gpc−3 yr−1 erg−1 s (blue as-
terisk in Fig.6.12). Since originally ρLL has been computed in 2006,
it has also been corrected (blue asterisk with solid horizontal bar in
Fig.6.12) for the larger time interval elapsed since the detection of
these two LL events. These results are consistent with other numer-
ical studies: Virgili et al. (2009) estimate ρLL = 200 Gpc−3 yr−1 for
events with 〈L〉 = 1047 erg/s based on the BATSE GRB population.
Chapman et al. (2007) obtained a slightly larger rate ρLL ∼ 700± 360
Gpc−3 yr−1 (shown by the cyan filled square symbol in Fig.6.3) from
the cross–correlation of a subsample of low–fluence smooth single–
peaked BATSE bursts with nearby galaxies. Liang et al. (2007) also
derived ρLL = 325+352−177 Gpc

−3 yr−1 (shown as green diamonds in
Fig.6.12 also corrected for the current lifetime of Swift). I show these
rates only for consistency with the others because, for the sake of
simplicity, I will take into account only the rate of Soderberg et al.
(2006b) in the calculations .

The grey dashed line in Fig.6.12 represents the fit performed byWP10
only to HL data points and it can be noted that its extrapolation to
low luminosities is consistent with both the lower limits of IL bursts
and the rate of LL events. This is a direct indication that LL and
HL have a common progenitor, i.e. they form a unique population.
Apparently there is no need to invoke a different origin for the LL
events as they are consistent with the extension to low luminosities
of the LF of HL bursts.

6.4 What φ(L) tells us about the jet structure of long GRBs

Our aim is to get some insights on the jet structure of GRBs through
the comparison between the theoretical LF expected within differ-
ent jet models (see Sec.6.1 and Sec.6.2) and the observed LF recon-
structed in this work (see Sec.6.3 – Fig.6.12). The latter is consis-
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tent down to the low luminosities with a broken power–law model
with LL bursts lying on the extrapolation of the LF that describes
HL events. This suggests that LL and HL bursts belong to the same
population (spreading over almost seven order of magnitude in lu-
minosity). Is the very large range of observed luminosities produced
by the different intrinsic GRB power? Or is it, instead, the result
of viewing the same intrinsic phenomenon under different lines of
sight? Now I will discuss the problem case by case.

On–axis UJ – unique θjet If the jets of GRBs are homogeneous and all
bursts have the same opening angle θjet, then the observed luminos-
ity is proportional to the energetic of the bursts after it has spent
part of its initial energy to punch the progenitor star. This implies
that the model LF (which expression in given in Eq.6.4) must be
flat at low luminosities. Fig.6.13 shows the fit of the LF with the
model of Eq.6.4 . We fit the HL rates (black symbols) and the LL
rate (blue asterisk) as derived by Soderberg et al. (2006b, corrected
in this work for the elapsed time, see Sec.6.3). The lower limits of
IL bursts (red triangles in Fig.6.13) are used only for a consistency
check of the fitted model. Fixing L⋆ = 1050 erg/s, the free param-
eters are the normalization, the slope k and the characteristic lumi-
nosity L⋆η/(1− cos(θjet)). Since the model depends on the ratio be-
tween the efficiency η and the beaming factor (1− cos(θjet)), there is
degeneracy between these two quantities. The fit can constrain this
ratio rather than the two factors independently. We can consider two
cases:

(i) η = 0.2 (as typically found from the modeling of the GRB af-
terglows – e.g. Panaitescu and Kumar (2002)): the fit is shown
by the solid cyan line in Fig.6.13. HL bursts can be reproduced
with a unique LF which has a slope k = 1.62± 0.08 (1σ confi-
dence) and is also marginally consistent with the IL lower lim-
its. The fit has χ2 = 33.5 for 6 degrees of freedom (d.o.f.) cor-
responding to a goodness of fit probability of 8× 10−6. How-
ever, the LL bursts cannot be reproduced by this model. Indeed,
the characteristic luminosity L⋆η/(1− cos(θjet)), with η = 0.2
and L⋆ = 1050 erg/s, corresponds to ∼ 2× 1049/(1− cos(θjet))
erg/s. This expression has a minimum for θjet = 90◦. In this
case, all GRBs would be isotropic and still LL events should be
a different population;
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Figure 6.13: LF fitted with the UJ model (Eq.6.4) with fixed opening angle. For
the models shown in the main plot (solid cyan and dashed green curves), L⋆ =
1050 erg/s is fixed. The solid cyan line shows the case with η = 0.2 (which
gives θjet = 90◦) and the dashed green line is the case with θjet = 5◦ (which
gives η ∼ 10−5). Inset: curves showing the degeneracy of the model in the
angle and efficiency parameters. Dotted, solid and dashed curves correspond
to different choices of L⋆ = 1049, 1050, 1051 erg/s, respectively. The green and
cyan dots show the choice of η and θjet corresponding to the model curves
shown in the main panel, respectively.

(ii) θjet = 5◦ (i.e. corresponding to the typical opening angle of
GRBs – Frail et al. (2001); Ghirlanda et al. (2007)): the fit is
shown by the dashed green line in Fig.6.13 and can reproduce
all the bursts (with a χ2 = 16 for 6 d.o.f., i.e. probability 0.01).
The resulting k = 1.49 ± 0.08 is consistent with the previous
one, but the efficiency η ∼ 10−5 is unreasonably low.

The above results are independent from the choice of the partic-
ular value for L⋆: if we fix this parameter to any value in the in-
terval [1049, 1051] erg/s, we still find an unreasonably low efficiency
η < 10−5 for reasonable values of θjet; or too large θjet for reasonable
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efficiencies. This is shown in the inset of Fig.6.13where all the curves
saturate at 90◦ (for the three different choices of L⋆) for η > 0.01. The
conclusion is that, since the UJ model (assuming a unique angle for
all bursts) does not reproduce the entire LF, we can exclude this sim-
ple case.

On–axis UJ – θjet(L) In this case the jet angle is related to the GRB ener-
getics: smaller θjet correspond to larger Eiso and Liso. Since LL bursts
have larger θjet the probability that they intercept our line of sight is
greater then that for HL bursts: therefore, the fraction of GRBs that
we detect at lower luminosities is greater than at large luminosities
(with respect the total number of event). For this reason, also the
observed luminosity function has to be corrected in normalization
according to the different beaming factor characterizing each lumi-
nosity bin. Fig.6.14 shows the corrected points (black dots and red
triangles) together with the observed ones (grey dots): the higher the
luminosity, the larger is the applied correction, according to Eq.6.6.
There is degeneracy between the parameters η and L⋆: changing

L⋆ in the range [1049,1051] erg/s the fit always favors an efficiency
η = 1 which is unrealistic (e.g. all the energy is converted in prompt
radiation and there would be no energy left for the afterglow emis-
sion). Only for L⋆ ≥ 1052 erg/s, we find reasonable values of η.
Therefore, in Fig.6.14 is shown the fit with both η and L⋆ fixed to
their typical values (0.2 and 1050 erg/s, respectively – cyan solid
line). With these assumptions the fit is consistent with the lower
limits of the IL (triangles in Fig.6.14) and only marginally consistent
with the LL bursts.
Since the slopes of the correlations are A = 0.5, G = 1, we have

the slope at low luminosities ξ = (G − A)/G = 0.5 in the case of a
circumburst wind density profile (or ξ ≃ 0.3 being A = 0.5, G = 0.7
– homogeneous circumburst density). The slope of the distribution
of energies provided by the inner engine found by the fit is k = 1.5±
0.15, corresponding to a high–luminosities slope ξ + k(1− ξ) ≃ 1.25
for φ(L). Fig.6.14 also shows (shaded region) the 3σ boundaries of
the LF obtained accounting for the scatter of the Epeak − Eiso (0.22
dex), Epeak− Eγ (0.12 dex) correlations in deriving the correlation of
Eq.6.6.
In this case, we can obtain a reasonable agreement with the data

in the entire luminosity range but the very low luminosities, where
the model shows a small deficit.
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Figure 6.14: UJ with jet angle dependent from the luminosity. The LF of the entire
GRB population (i.e. corrected for the collimation factor, which depends on the
luminosity in this case) is shown by the black symbols. Original points (grey
symbols) are also shown. The model is shown by the solid cyan line and the
3σ confidence interval of the model, obtained accounting for the scatter of the
θjet − Liso correlation (see text) is shown by the azure shaded region.

Also off–axis UJ In the third case the jet is still uniform, but we allow
the observer to detect radiation also off–axis, i.e. for viewing angles
θv > θjet. This is possible for Γ not extreme, as illustrated in Fig.6.4:
the luminosity drop at θv " θjet is more pronounced for larger Γ. The
LF (see Fig.6.5) is a power–law with a slope −5/4 which smoothly
turns into a peak at high luminosities corresponding to the maxi-
mum observable luminosity (for θv < θjet). The observed LF (shown
in Fig.6.12) has a slope −1.2 (WP10) and breaks into a steeper (−2.4)
power–law for Liso > 1052.5 erg/s, thus there is very good agreement
with the theoretical LF (before the break).

However, the model LF does not fit the data above the break be-
cause it has been obtained assuming single value of θjet and Γ (and
for this reason the LF show an upturn at HL instead of a steepening).
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Figure 6.15: Uniform jet model LF allowing to observe the jet also off–axis. Blue
solid line is obtained assuming dispersion for the jet parameter θjet and Γ (see
text).

In order to smooth this peak and obtain a break in the LF model, we
need to introduce some dispersions of the values of Γ and θjet. We
find good agreement with the data as shown in Fig.6.15 by the solid
line assuming θjet centred around 3◦ with a log–normal dispersion
of width 0.2 and Γ centered at a value of 30 with a log–normal dis-
persion of width 0.14. What is remarkable in this case is that the an-
alytically predicted slope at intermediate luminosities is very close
to what seen.

SJ The slope of the LF assuming a power–law structured jet (Eq.6.28)
depends on the shape of the jet structure s which also regulates the
extension of the LF (i.e. the ratio of the minimum and maximum
observable luminosity, see Eq.6.25) as shown by the different curves
of Fig.6.10.
In the first formulations of the SJ, the parameter s was fixed to

2 in order to re–obtain and explain the clustering of the collimation
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Figure 6.16: SJ model assuming a jet core energy per unit solid angle ǫc = 6× 1052
erg with a dispersion (log–normal) around this value with σ = 0.5, s = 8.1
and θc ∼ 5◦. For comparison are also shown the LF obtained with s = 2 and 4
(from Fig.6.10) by the dashed and dot–dashed lines, respectively.

corrected energy found by Frail et al. (2001); Panaitescu and Kumar
(2001). However, in order to explain the range of observed lumi-
nosities (∼ 8 dex) wee need that the slope s is rather steep (s > 4
assuming a core angle θc = 1◦). This simple argument excludes the
value s = 2 commonly adopted in literature. Formally, in order to re-
produce the slope 1.25 of the observed LF of Fig.6.12 we need s = 8.
The upturn at large luminosities shown in Fig.6.10 corresponds to
the jets observed within the core which all have the same luminos-
ity. Instead, the observed LF (Fig.6.12) is steeper after a break corre-
sponding to Liso ∼ 3× 1052 erg/s. To reproduce this smooth break,
we have to introduce some dispersion of the parameters. Fig.6.16
shows that we can reproduce the LF if we assume a jet core energy
per unit solid angle ǫc = 6× 1052 erg with a dispersion (log–normal)
around this value with σ = 0.5, s = 8.1 and θc ∼ 5◦. The obtained LF
is also consistent with the lower limits corresponding to the IL burst.
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Figure 6.17: The light blue line represents the LF for a Gaussian structured jet.
There are two shaded areas obtained by varying one parameter and leaving
the others fixed: the grey one refers to 1 ≤ θΓ/θc ≤ 2, while the pink one refers
to a intrinsic dispersion σ between 0.35 and 0.78 dex. The dashed grey line
(visible on the bottom–right corner) is the LF for θc = 5◦, while the dashed
light blue line is the LF for θΓ/θc = 0.5, both with all other parameters fixed.

In Salafia et al. (2015)we also tested the Gaussian structured jet find-
ing equivalently good agreement (see.Fig.6.17). The exact value of
Γc has little effect on the apparent structure of the Gaussian jet (as
long as it is > 100), so it is a secondary parameter for what concerns
the LF and we fixed it to 800. In order to obtain the cluster of the
collimation corrected energy around 1051 we adopted central values
θc = 3◦ and ǫc ∼ 2× 1052 erg.

All these comparisons indicate that the jet must have a relatively
sharp cut–off. Even if an abrupt one is nonphysical (all the energy
contained within the jet, and zero outside), the energy must in any
case decrease rapidly with the angle from the jet axis, once it be-
comes greater than the core angle θrmc. Thus the over all conclusion
is that the jet can be considered universal, all GRBs have the same
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steep structure (with very little dispersion) that can eventually be
well approximated by a uniform jet.
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CHAPTER7
Orphan GRBs Afterglows (OA)

GRB jets are among the most powerful in the Universe. Their typ-
ical luminosity is about 1050 − 1054 erg/s and there are theoretical
arguments (e.g. Sari and Piran, 1999a) and direct observational evi-
dence (e.g. Molinari et al., 2007) suggesting that the highly relativis-
tic ejected plasma has typical bulk Lorentz factors Γ0 ∼ 102−3. The
most luminous and energetic GRBs seem to have larger Γ0 (e.g. Ghir-
landa et al., 2012b; Liang et al., 2010). If the energy/luminosity and
the bulk Lorentz factors are constant within the jet (with the veloc-
ities pointed radially as the expansion of the outflow), we can only
detect those bursts whose jet is pointing towards the Earth. Indeed,
since the emitted radiation is strongly beamed, the flux directed at
the Earth is dramatically reduced when θv > θjet, where θv is the
viewing angle between the jet axis and the line of sight. The events
observed at large viewing angle, which are the most numerous since
the jet orientation probability is ∝ sin θv, go easily undetected as
prompt GRBs. However, during the afterglow phase, being the out-
flow decelerated by the external medium, the bulk Lorentz factor
may decrease enough to make the afterglow radiation visible to the
observer. This happens on a characteristic timescale when the rela-
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tivistic beaming ∝ 1/Γ equals θv (see Fig.7.1).

Figure 7.1: Schematic representation of the de–beaming due to the fireball decel-
eration. Only when 1/Γ ∼ θv the off–axis observer detect the radiation.

Such events, missing the prompt emission but detected as after-
glows, are called orphan afterglows (OAs) and, for typical opening
angles of a few degrees, e.g. θjet ∼ 0.1 rad, they should outnum-
ber the population of observed GRBs by a factor (1− cos(θjet))−1 ∼
200. Despite their expected numerosity and despite specific stud-
ies designed in order to search them in X–ray surveys (Grindlay,
1999; Greiner et al., 2000), in optical surveys (Rau et al., 2007, 2006;
Malacrino et al., 2007), and in the Radio band (Levinson et al., 2002;
Gal-Yam et al., 2006; Bannister et al., 2011; Bower and Saul, 2011;
Bell et al., 2011; Croft et al., 2010; Frail et al., 2012; Carilli et al., 2003;
Matsumura et al., 2009; Lazio et al., 2010), no OA have been conclu-
sively detected so far. Nondetections of OA are in agreement with
current theoretical predictions (Totani and Panaitescu, 2002; Nakar
et al., 2002; Zou et al., 2007; Rossi et al., 2008; Metzger et al., 2015).
Such predictions are based on works that either simply extrapo-

lated the properties of a few knownGRB afterglows to the orphans (e.g.
Totani and Panaitescu, 2002) either assumed too basic prescriptions
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for the known GRB population properties or for the afterglow emis-
sion model. Thus, there is the necessity of specific predictions on
the detection rate that are based on the true rate (duration, fluxes)
of the population of OAs (derived from the population properties
of observed GRBs) and on the survey characteristics (area of the sky
covered, timescales, limiting flux). Only recently, Ghirlanda et al.
(2014) studied the properties of OAs in the Radio considering the
Square Kilometer Array (SKA) limiting flux (∼ µJy) and predicting
up to ∼ 0.2− 1.5 OA deg−2yr−1.
I collaborated to Ghirlanda et al. (2015b) in which we derive the

flux distribution of OAs in the X–ray, optical, and mm Radio band
exploiting the population synthesis code recently developed in Ghir-
landa et al. (2013a). In this work we also studied the average dura-
tion of the population of OAs as a function of the survey limiting
flux and made predictions for ongoing and forthcoming surveys.

7.1 OA emission model

Basically, OAs are normal GRBs but observed with a viewing angle
so that θv > θjet. We can exploit the known population properties
of GRBs detected in the γ–ray band (with well–studied afterglow
emission) and infer the OA emission properties taking into account
their different orientation of the jet. Thus, we first need a model
describing the GRB population.
We used the population code developed recently in Ghirlanda

et al. (2013a) and extended in Ghirlanda et al. (2014), called PSYCHE
(Population SYnthesis Code and Hydrodynamic Emission model).
Using PSYCHE we generated a population of GRBs having:

• redshift z assigned following the GRBFR of Hopkins and Bea-
com (2008);

• viewing angle θv according to the jet orientation probability
sin(θv) with respect the line of sight (see Eq.6.26);

• jet opening angle θjet drawn from a log–normal distributionwith
median value 5.7◦;

• bulk Lorentz factor Γ0 drawn from a log–normal distribution
with median value 90.

The latter two distributions have been obtained (Ghirlanda et al.,
2013a) reproducing:
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• the Ep− Eiso correlation of the BAT6 complete sample (Salvaterra
et al., 2012; Nava et al., 2012);

• the flux distribution of GRBs detected by BATSE and Fermi/GBM;

• the detection rate of GRBs by Swift, Fermi, and BATSE;

assuming universal comoving frame properties (see Ghirlanda et al.,
2013a, for more details).
Whitin the simulated population, we considered only the frac-

tion of burst that could be detected as OA ,i.e. those ones having
θv > θjet. At this point, we also need to simulate the afterglow emis-
sion since this is most probably the only one that can be detected
from an off–axis ultrarelativistic GRB. To this aim we used BOX-
FIT (van Eerten et al., 2012; van Eerten and MacFadyen, 2011, im-
plemented in PSYCHE) which is based on numerical 2D simulations
of the jet dynamics and assumes synchrotron emission from shock
accelerated electrons as the radiation mechanisms of the afterglow
phase.
The GRBs generated using PSYCHE have a jet with a top–hat

uniform structure, i.e., the kinetic energy and the bulk Lorentz fac-
tor are constant within the jet opening angle (see Sec.6.1). Alterna-
tively, (Rossi et al., 2002; Zhang and Mészáros, 2002) GRB jets could
be structured (see Sec.6.2), i.e., the kinetic energy (and possibly also)
the bulk Lorentz factor vary within the jet depending on the angular
distance from the jet axis.
In the former (UJ) scenario considered in this work, orphan after-

glows are naturally expected to largely exceed the number of GRBs
in the Universe (considering a typical jet opening angle of few de-
grees). Even if the top–hat uniform jet emission can be seen when
off–axis (θv ≥ θjet, its flux should decreases so much that it is diffi-
cult for the observer to detect the prompt emission. This justify the
approximation that we can only see prompt emission from GRBs
whose uniform jet is pointed toward the Earth (i.e., when θv ≤ θjet).
In the structured jet model, instead, there is always a portion of the
jet that is pointing toward the observer. Therefore, the observed
GRB properties strongly depend (if Γ is large enough) on the view-
ing angle θv such that orphan afterglows should not exist in prin-
ciple, since jet emission can be seen even at large angles from the
jet (Salafia et al., 2015). However, also in this scenario OAs could
still be present if either the prompt emission at large angles is be-
low any detector threshold or if the jet is uniform within a relatively
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narrow core and highly structured (i.e., with a steeply decreasing
energy profile) outside it, as suggested by the modeling of the lu-
minosity function (Pescalli et al. 2015 – see Chp.6). In this model,
the detection rates of OA would, at any rate, be lower than in the
top–hat model adopted here as shown in Rossi et al. (2008).

7.1.1 Setting the micro–physical shock parameters

In the standard afterglow model, the external shock emission de-
pends on a set of micro–physical parameters: the index p of the
power–law energy distribution of the shock accelerated electrons
(N(γ) ∝ γ−p), the fraction of the dissipated energy distributed to
electrons ǫe and to the magnetic field ǫB. Finally, we also need to
assign a value to the circumburst medium density n (assumed con-
stant in BOXFIT).
Distributions of the microphysical shock parameters (p, ǫe, ǫB)

are poorly constrained directly from the observations. These pa-
rameters are typically derived through the modeling the afterglow
light–curves (Panaitescu and Kumar, 2000). However, dense multi–
wavelength sampling of the afterglow light–curve from early times
to days after the burst explosion is available for a limited number of
bursts.
For this reason, we used the average values of the micro–physical

parameters (p, ǫe, ǫB) derived from the entire simulated GRB pop-
ulation. We considered the afterglow emission of those bursts seen
on–axis (having θv ≤ θjet) with the aim to reproduce, assigning to
this sub–sample a set of values for the micro–physical parameters,
the observed afterglow flux distributions. Fig.7.2 shows the cumu-
lative distribution of the optical flux (at 12 h after the burst) of the
BAT6 sample (red solid line, adapted from Melandri et al. 2014), the
cumulative distribution of the X–ray flux (at 3 keV and at 11 h) of
the BAT6 (blue solid line, adapted from D’Avanzo et al. 2012), and
the cumulative distribution of the radio flux (at 8.4 GHz between 1
and 6 days) of the BAT6 (green solid line, adapted from Ghirlanda
et al. 2013c).
We selected among the sub–sample of on–axis bursts only the

bright events adopting the same limiting flux defining the BAT6, i.e.,
we choose those bursts with a peak flux larger than 2.6 ph cm−2 s−1

integrated in the [15− 150] keV energy band. We assigned to each
simulated burst a value for the circumburst density n randomly ex-
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Figure 7.2: Flux density cumulative distributions in the optical (R, solid red
line), X–ray (at 3 keV, solid blue line) computed at 11 h after the start of the
GRB emission for the BAT6 Swift complete sample (adapted from Melandri
et al., 2014; D’Avanzo et al., 2012, for the optical and X-ray band, respec-
tively). The radio (at 8.4 GHz – solid green line) is from Ghirlanda et al.
(2013c), also for the BAT6 sample. The results of the population synthesis code
with p = 2.3, ǫe = 0.02 and ǫB = 0.008 are shown with the dashed lines.
The shaded regions represent, for each band, the results obtained with (p, ǫe,
ǫB) = (2.3, 0.01, 0.001) for the lower boundary and (p, ǫe, ǫB) = (2.3, 0.05, 0.01)
for the upper boundary. The X–ray and R band fluxes of the Swift BAT6
sample (solid blue and red line respectively) have been corrected for absorp-
tion (D’Avanzo et al., 2012; Campana et al., 2012) and for dust extinction (Me-
landri et al., 2014; Covino et al., 2013), respectively.

tracted from a uniform distribution between 0.1 and 30 cm−3. We
keep the other three parameters (p, ǫe, ǫB) fixed and fiducial values
will be obtained reproducing the flux distributions of the BAT6 sam-
ple shown with the solid lines in Fig.7.2.
With the obtained value p = 2.3, ǫe = 0.02 and ǫB = 0.008 we

can nicely match the radio and optical flux distributions (solid lines
in Fig.7.2) of the real GRBs of the BAT6 sample. If we assume low-
er/higher values for ǫe and ǫB, we obtain lower/higher fluxes in
both bands (solid shaded regions in Fig.7.2). The obtained micro–
physical parameter values (that well reproduce the optical and radio
fluxes) underestimate the X–ray flux bymore than one order of mag-
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nitude. This is not unexpected since the fact that X–ray emission of
GRBs could be dominated at early times (typically up to half a day
after the explosion) by an extra component, which is apparently un-
related to the standard afterglow forward shock emission (e.g., Ghi-
sellini et al., 2009; D’Avanzo et al., 2012), has already been discussed
in the literature. Therefore, we assume the micro–physical parame-
ters values that reproduce the optical and radio flux distribution of
a flux limited sample of real bursts.

7.2 OA distinguishing properties and predictions

One of the problems in the OA detection concerns how to distin-
guish them from other similar transients detected in large sky sur-
veys. According to our simulations, OAs appear as daily transients
in optical and X–ray band (see Fig.7.5 and sub–sec.7.2.2), given the
typical flux limits of current and forthcoming surveys (see Tab.7.1).
The problem is that many other extragalactic sources show similar
duration.
OA lightcurve has the same typical temporal behavior of a GRB

afterglow, i.e. ∝ t−δ with δ ∼ 1 − 2, but it is not enough to un-
ambiguously distinguish them. For this reason, a dedicated op-
tical photometric and spectroscopic follow–up program is funda-
mental in order to successfully classify them. The optical/X–ray
light curves, especially if the detected OA is still quite bright and/or
before its lightcurve peak, can be a very useful tool for a prelimi-
nary classification. Indeed, its shape and its decay power–law index
should be at least different from those of SNe or blazars. A fur-
ther key information should be provided by the optical spectroscopy
since the he spectral continuum and the absorption lines present in
the optical–Near–IR (NIR) spectra of the afterglow are very differ-
ent from those typically found in SNe or blazars (Fynbo et al., 2009;
Christensen et al., 2011). Nonetheless, also spectra with a sufficient
signal–to–noise ratio are needed. To date this requirement is fulfilled
down to R ∼ 22 with a reasonable amount of integration time (∼ 2
h, e.g., with X–Shooter at ESO/VLT), but future larger telescopes
will also make possible to obtain similar results for fainter objects.
Another useful way to discriminate between OAs and other tran-

sients comes from the analysis of the broad spectral energy distri-
bution (SED). Fig.7.3 shows the typical overall SED of OAs (i.e., the
convolution of the SEDs of all OAs detectable by the LSST survey
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Chapter 7. Orphan GRBs Afterglows (OA)

Figure 7.3: Spectral energy distribution of the OAs that can be detected by the
LSST (pink filled region). The SED of the low–power blazar BLLac (open cir-
cles), the FSRQ 3C 454.3 (asterisks), and of two supernovae, SN1978K (open
squares) and the GRB–SN associated GRB980425/SN1998bw (open stars), are
shown with different symbols. The solid lines provide an interpolation of the
data points and do not represent any physical model. For the two blazars,
we also show, with a dashed gray line for 3C 454.3 and dashed orange line
for BLLac, how their spectra would appear if they were at z = 2 (typical
of GRBs). The (5σ) limits for a 12 h continuum observation with the SKA is
shown by the yellow shaded region. The green shaded region marks the lim-
iting flux of an ALMA observation (32 antennas of 12 m for 3 h of observa-
tion in dual mode, from https://almascience.eso.org/proposing/sensitivity-
calculator). The LSST limiting flux (see Tab.7.1) is shown by the red square
symbol.
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Table 7.1: Transient surveys in the optical and X–ray bands. On–going and future surveys are marked in boldface. Parameters
of the optical surveys, field of view (FOV), cadence, limiting flux Flim, coverage and lifetime are from the compilation of Rau
et al. (2009). The rate of orphan afterglow ROA above the survey limiting flux is obtained through the flux density distribution
reported in Fig.7.4. The average OA duration above this flux limit 〈T〉 is derived from Fig.7.5 and from the parameters of
the linear fits reported in Tab.7.2 (the minimum and maximum durations are shown in square parentheses). The last column
shows the number of OA per year detectable by the reported surveys. For the X–ray the sky coverage is intended for 24 h. ∗

see http://www.ptf.caltech.edu/ztf and Bellm (2014).

Survey FOV Cadence Flim Coverage Lifetime ROA 〈T〉 # OA
(deg2) (mJy) (deg2 night−1) days (deg−2 yr−1) days yr−1

PTF 7.8 1m–5d 1.17×10−2 1000 1.5×10−3 1[0.2-3.8] 1.5
ROTSE–II 3.4 1d 1.17×10−1 450 5.2×10−4 0.4[0.1-1.7] 0.1
CIDA–QUEST 5.4 2d–1yr 4.60×10−2 276 8.0×10−4 0.5[0.1-2.3] 0.1
Palomar–Quest 9.4 0.5h–1d 1.17×10−2 500 2003–2008 1.5×10−3 1[0.2-3.8] 0.8
SDSS–II SS 1.5 2d 2.68×10−3 150 2005–2008 3.2×10−3 1.6[0.4-6.3] 0.8
Catilina 2.5 10m–1yr 4.60×10−2 1200 8.0×10−4 0.6[0.1-2.4] 0.6
SLS 1.0 3d–5yr 5.60×10−4 2 2003–2008 5.2×10−3 2.8[0.8-11] 0.03
SkyMapper 5.7 0.2d–1yr 7.39×10−2 1000 2009–... 6.4×10−4 0.5[0.2-2.0] 0.3
Pan–STARRS1 7.0 3d 7.39×10−3 6000 2009–... 2.0×10−3 1[0.3-4.4] 12
LSST 9.6 3d 4.66×10−4 3300 2022–... 5.1×10−3 3[0.8-11] 50
Gaia 0.5x2 20d 3.00×10−2 2000 2014–2019 10−3 1[0.5-5] 2
ZTF ∗ 42.0 1d 2.00×10−2 22500 2017–... 1.1×10−3 0.8[0.4-4.8] 20

RASS 3.1 ... 4.00×10−5 12000 6 months 8.0×10−4 1[0.3-4.4] 10
eROSITA 0.8 6 months 2.00×10−6 4320∗ 4 years 3.0×10−3 2[0.5-6.5] 26
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Chapter 7. Orphan GRBs Afterglows (OA)

– hatched pink region) compared with that of potential competitors
extragalactic sources like SNe and blazars. We chose to consider
only the OAs that will be detected by the forthcoming LSST sur-
vey (Ivezic et al., 2008a, – see Tab.7.1) since it is the most promising
(we predict a rate ∼ 50 OAs per year). The typical SED of OAs
detectable by LSST peaks in the 1011–13 Hz range. The spectrum
below the peak, in the GHz down to the MHz range scales ∝ ν2.
Fig.7.3 also shows the SED of two blazars: the Flat Spectrum

Radio Quasar (FSRQ) 3C454.3 and BLLac itself as representative of
the respective classes (see Ghisellini et al., 2010b). Two supernovae
are also shown: SN 1978K as a possible representative of highly lu-
minous supernovae and the GRB980425/SN1998bw (Galama et al.,
1998) for the class of associated GRB–SNe. The SED are reported as
obtained by multifrequency observational campaigns and retrieved
from Italian Space Agency (ASI) Science Data Center SED Builder
tool. The corresponding solid curves in Fig.7.3 are not physical mod-
els, and only illustrative of the overall broadband SED of these classes
of objects. The blazar SED is also shown as it would be like if posi-
tioned at z = 2, i.e., at the typical distance of long GRBs. Red square
symbol represents the LSST flux limit. The OAs that LSST can de-
tected when their jet emission is fully visible by the off–axis observer
already have their peak frequency below the optical band, in themm
region. This is because the peak of the OA emission is reached sev-
eral months after the burst (see sub–sec.7.2.2 and see also Ghirlanda
et al., 2014). Furthermore, Fig.7.3shows that their emission in the
MHz/GHz region is still in the self–absorbed regime. In contrast,
BLLacs and SN emission like 1998bw or 1978 K are characterized
by a softer spectrum in the radio band than the typical OA detected
in an optical survey like the LSST. Therefore, the follow up of these
transients in the mm and GHz bands will characterize their different
SED.

7.2.1 OA flux densities

The peak flux associated to the OA is by definition the OA flux at
the time of the lightcurve peak. The cumulative peak flux density
distributions of OAs are shown in Fig.7.4. The range of variation
of the flux density distributions has been obtained by varying the
micro–physical parameters.
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7.2. OA distinguishing properties and predictions

X–ray Flux density is computed at 3 keVwhere the photoelectric ab-
sorption by metals in the Galaxy and host galaxy is negligible (Cam-
pana et al., 2012).

Optical In order to obtain the Optical R flux density, the dust extinc-
tions AV has been assumed according to the distribution obtained
in Covino et al. (2013). Such distribution has been obtained by the
analysis of the BAT6 sample, i.e. bursts detected in γ–rays. It is pos-
sible that the GRB X–ray/UV emission might partially destruct the
dust and then reduce the optical absorption along the line of sight
that in this case isclose to the jet axis Perna et al. (2003). Since OAs
are observed at larger viewing angles, they could therefore have a
larger AV than the assumed one. This would further reduce the opti-
cal fluxes of OAs observed at large viewing angles and consequently
reduce the predicted rates of OAs in the Optical band. Moreover, we
only considered OAs at z < 4.5 because at higher z the optical emis-
sion is expected to be fully absorbed by the Lyα absorption.

Radio We also computed the OA flux cumulative distribution at the
reference frequency of 443 GHz. Such frequency has been adopted
because, considering the typical timescales when OA are detectable,
the few hundred GHz range is where OAs are brightest. Frequencies
in this range are covered by, e.g., ALMA.

7.2.2 OA timescalses

For off–axis observers, the OA lightcurve starts to rise when Γ ∼
1/ sin(θv − θjet) and peaks when Γ ∼ 1/ sin(θv + θjet), i.e. when
the entire jet is visible. After this time the OA will follow the same
light curve detected by an on–axis observer. According to our sim-
ulations, the time when the OA peaks, which depends on the burst
parameters and on the viewing angle, has a broad distribution with
a typical value of few hundred days after the GRB (note that this ref-
erence is purely theoretical, since the GRB start time is missed in the
real case of an OA).
The necessary condition for the OA to be detected is that its flux

is above the survey limiting flux. This determines how much time
the OAs are visible, i.e. their characteristic duration 〈T〉, and affects
their rate. Fig.7.5 shows the average duration of OA for the three
frequencies we considered for the flux (X at 3 keV, Optical R band,
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Figure 7.4: Cumulative flux density distribution of OAs at three characteristic fre-
quencies: R band for the Optical (red line), 3 keV for the X–ray (blue line), and
443 GHz for the mm band (green line is representative of ALMA frequency
range). Upper limits of past searches of OAs in the optical band are shown by
the red symbols (to be compared with the red solid line). The optical R flux
distribution is representative of the OAs at z ≤ 4.5 because, at higher redshift,
their R band flux suffers from Lyα suppression. An optical extinction (accord-
ing to the distribution of Covino et al., 2013) has been applied to the optical
fluxes.

Radio at 443 GHz). In general, considering the typical flux limits of
Optical and X–ray surveys, OAs will appear as daily transients. At
GHz frequencies, they will instead be much more durable transients
lasting for even tens to hundreds of days (see also Ghirlanda et al.,
2014).
These timescales should not be confused with the peak timescale

the OA. The latter depends on the combination of geometrical (open-
ing angle and jet orientation) and hydrodynamics (describing how
the fireball decelerates in dependence of the kinetic energy, initial
bulk Lorentz factor, and circumburst density) properties and the cor-
responding distribution is centered around a few hundred days.
Fig.7.5 shows that, at any frequency, the OA duration 〈T〉 in-

creases as the survey limiting flux decreases. Tab.7.2 shows the pa-
rameters (slope m and normalization q) of the linear fit (dotted lines
in Fig.7.5) to the data shown in Fig.7.5 for the three characteristic
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7.2. OA distinguishing properties and predictions

Figure 7.5: Average duration of the simulated population of OAs with flux above
the corresponding x–axis value. The bars represent the 1σ scatter around the
average. Typical timescales are shown by the dashed horizontal lines (as la-
beled). Linear fits are shown by the dotted lines. Fit parameters are reported
in Tab.7.2.

Band m q

X–ray (3 keV) −0.28 −1.54
R (7000 ) −0.36 −0.72
443 Ghz −0.44 0.44

Table 7.2: Parameters of the linear fits to the average duration of OAs above flux
threshold (Fig.7.5. Fit parameters refers to the formula: log(〈T〉days) = q +

m log(Flim,mJy).

frequencies.

7.2.3 OA detection rate

In this sub–section I will compare our results with past searches for
OAs mainly in the optical and X–ray band and show specific predic-
tions for ongoing or planned surveys in these bands.

Optical surveys Among past searches for orphan afterglows in the
optical, Rykoff et al. (2005) used the Robotic Optical Transients Search
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Experiment III (ROTSE–III). Over a period of 1.5 year, they identi-
fied no credible GRB afterglow. They place a 95% upper limit on
the OA rate of 1.9 deg−2 yr−1 at R = 20. The Deep Lensing Sur-
vey (DLS; Becker et al., 2004) provides a (less constraining) limit of
5.2 deg−2 day−1 for transients with typical duration of a few ks and
19.5 < R < 23.4. Malacrino et al. (2007) obtained a more stringent
upper limit from the CFHTLS Very Wide survey: excluding that the
three transient they find are GRBs (Malacrino et al., 2007), an upper
limit of 0.24 deg−2 yr−1 down to R = 23 can be placed. The ROTSE–
III and CFHTLS limits are shown in Fig.7.4 (filled red symbols) and
they are consistent with the rate for the optical band predicted by
our model (solid red line in Fig.7.4). Also, no credible OAwas found
in the Faint Sky Variability Survey project (Vreeswijk 2002).
Present and futuremajor surveys in the optical are shown in Tab.7.1.

Most of the optical survey parameters are obtained from Rau et al.
(2009). In Tab.7.1, we report the survey name (Col. 1), its field of
view (FOV) and its cadence (Cols. 2 and 3). The limiting flux den-
sity and the coverage, representing the sky area covered per night,
are reported in Cols. 3 and 4, respectively. Through Fig.7.4 we can
derive the rate ROA of OAs that have their peak flux density above
each survey limiting flux. This is reported in units of deg−2 yr−1

in Col. 7 of Tab.7.1. Similarly, from Fig.7.5 it is possible to esti-
mate the average duration 〈T〉 of the OA above the survey limit-
ing flux (Col. 8 in Tab.7.1). In brackets, we indicate the upper and
lower estimates of the average duration (i.e., corresponding to the
1σ error bars in Fig.7.5). We derive the rate of OAs (expressed in
number of OA per year, last column of Tab.7.1) in a given survey as
NOA = ROA× C × 〈T〉, where C is the fraction of the sky covered by
the survey per night (coverage in Tab.7.1).
Most past and ongoing optical surveys have a small chance of of

detecting OAs. Among these, the Palomar Transient Factory (PTF;
Law et al., 2009) could marginally see one OA per year (consistent
with Rau et al. (2009), predictions) given its relatively low sensitiv-
ity compensated by the large portion of the sky covered per night
(103 deg2). Instead, according to our model, an optical survey like
that of Pan–STARRS1, which will cover 6000 deg2 per night could
already detect a dozen of OAs per year. Higher detection rates are
expected for the forthcoming development of the PTF survey. The
Zwicky Transient Facility (Bellm, 2014), which is designed specifi-
cally for transients discovery, will cover about 22 500 deg2 per night
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down to a limiting magnitude ∼ 20.5. We expect that it will detect
∼ 20 OA yr−1. A considerably larger number of OAs will be ac-
cessible with the Large Synoptic Sky Telescope survey (LSST; Ivezic
et al., 2008b). The telescope will have a 9.6 deg2 FOV and will be
able to survey 104 deg2 of the sky every three nights down to a lim-
iting magnitude for point sources R ∼ 24.5. With these parameters,
we estimate it could detect 50 OA yr−1. An interesting prediction
concerns the Gaia satellite (Lindegren, 2010). It will carry two tele-
scopes each one with a FOV of 0.7◦ × 0.7◦ and will scan an angle of
360◦ every six hours. Therefore, it will cover ∼ 2000 deg2 per day
performing a survey down to a limiting flux of 0.03 mJy. According
to our model, RO A ∼ 10−3 deg−2 yr−1 at this flux limit so that we
predict that Gaia will detect about 10–15 OAs in its 5 year mission.
This estimate is consistent with that reported in Japelj and Gomboc
(2011). Given the depth of forthcoming optical surveys, we expect
that OAs will have a typical redshift z ∼ 2. At these distances, the
typical GRB host galaxy should be fainter than the LSST limiting
magnitude (Hjorth et al., 2012).

X–ray surveys Searching for GRB afterglows in X–ray surveys led to
the discovery of few flare stars (Grindlay, 1999; Greiner et al., 2000).
The 27 X–ray transients, detected in the 5.5 year survey of Ariel
V (Pye and McHardy, 1983), provide a conservative upper limit of
1.15× 10−3 deg−2 yr−1, corresponding to a flux ≈ 0.06 mJy (Grind-
lay, 1999). This is consistent with our predictions for the X–ray
band (solid blue line in Fig.7.4) at the same flux limit. Among the
widest X–ray surveys, the ROSAT All–Sky Survey covered the full
sky reaching a limiting flux of 4× 10−13 erg cm−2 s−1 (0.5–2 keV)
in almost six months. This flux limit (assuming a spectrum with
photon index −2) corresponds to a flux density of ∼ 4× 10−5 mJy
which, according to our estimates, gives a rate ROA ∼ 8 × 10−4

deg−2 yr−1. The RASS scan procedure covered a full–sky circle of
width 2 deg every orbit corresponding to∼ 12000 deg−2 day−1. Ac-
cording to our estimates (Fig.7.4 and Tab.7.1), the typical duration
of the OA above the RASS flux limit should be ∼ 1 day so that the
expected OA number should be ∼ 4.8 during the six month lifetime
of the survey. This result is consistent with the estimate of Greiner
et al. (2000). They effectively searched in the RASS for GRB after-
glows and concluded that of the 23 candidates only a few could be
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due to GRBs, finding that most of the others are flare stars. The sec-
ond release of the RASS, 2RXS2 has been extended to a flux limit a
factor of 4 deeper than the first release. Therefore, we expect to have
∼ 12 OAs in the 2RXS. In the X-ray band Chandra andXMM–Newton
have performed deep surveys but, because of their small FOV, at the
expense of a relatively small portion of the sky explored (see Brandt
and Hasinger, 2005). The observing strategy in these surveys was
not a scanning mode as in the RASS, but rather the combination of
pointed repeated observations of the same field. Therefore, it is dif-
ficult to reconstruct the overall sky coverage. As a gross estimate,
we can compute the expected number of OAs by multiplying the
predicted rate (according to our results of Fig.7.4) times the area of
the sky covered. We stress that this is an overestimate of the number
of OAs that could be detected by these surveys. Among the deep-
est surveys, the 2 Ms Chandra Deep Field North covered 0.13 deg2

in the 0.5–8.0 keV band down to a flux limit of ∼ 10−16 erg cm−2

s−1 (Alexander et al., 2003). To such a flux limit, we predict less
than 10−2 OA yr−1. Similar rates are expected in the XMM–Newton
Large Scale Survey (Pierre et al., 2004) which, with a sensitivity of
∼ 5× 10−15 erg cm−2 s−1 (0.5–2 keV) and a 10 deg2 of sky coverage,
should detect at most 0.1 OA yr−1. Both Chandra and XMM–Newton
have performed several other surveys, however, despite larger sky
coverage than those mentioned above, this was at the expense of
their sensitivity (e.g., the XMM–Newton Bright Serendipitous Sur-
vey – Della Ceca et al. 2004). Among forthcoming X–ray surveys,
we consider the extended ROentgen Survey with the Imaging Tele-
scope Array (eROSITA – Merloni 2012), which will cover the full
sky up to 10 keV with a flux limit ∼ 2× 10−14 erg−1 cm−2 s−1 in the
0.5–2 keV band. Therefore, ∼ 3× 10−3 deg−2 day−1 OA should be
reachable by this survey (Tab.7.1). According to the planned scan-
ning strategy, a full circle of width 2 degree will be covered every
four hours. This corresponds to ∼ 4320 deg2 day−1. The expected
OA number is ∼ 26 yr−1 (but see also Khabibullin et al., 2012). A
larger number of OAs (by a factor 2) could be reached by the WFXT
survey (e.g. Rosati et al., 2011).

Therefore, according to our predictions, there does not seem like
there is an opportunity to detect any orphan afterglow in current
deep X–ray surveys.
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Radio For the radio band, Ghirlanda et al. (2014) showed that the
OA rates are consistent with the (upper) limits of past radio surveys,
which did not detect any credible orphan afterglow. Forthcoming
radio surveys like the VAST/ASKAP at 1.4 GHz or the MeerKAT or
EVLA at 8.4 GHz could detect 3× 10−3 and 3× 10−1 OAdeg−2 yr−1,
respectively. The deeper SKA survey, reaching the µJy flux limit,
could detect up to 0.2–1.5 OA deg−2 yr−1 (Ghirlanda et al., 2014).
The Herschel/SPIRE survey ATLAS1, one of the widest covering a
total of 500 deg2, is limited by the confusion limit of 5–7 mJy at 250–
500 µm so that we expect less than 0.1 OA yr−1. Spitzer SWIRE2

observed six fields in the northern and southern sky with typical ar-
eas between ∼ 4.2 deg2 and ∼ 12 deg2 with higher sensitivities of
few tens of µJy in the low frequency channels (IRAC) at 3.6 µm and
4.5 µm. These fields were covered on different timescales between
one and six days. According to our model we expect a rate of less
than one OA per year in such fields above the deepest flux limits of
this survey.

Among previous works in the literature, which estimated the de-
tection rate of OAs, Totani and Panaitescu (2002) considered 10 GRB
of the pre–Swift era with well–monitored afterglow light–curves as
templates. By assuming different off–axis viewing angles, they esti-
mated the rate of OAs in the X–ray, optical, and Radio band. Their
predictions were based on a very small number of afterglowsmostly
representative of the bright afterglow population of GRBs. Since our
code is calibrated with the entire GRB prompt emission flux dis-
tribution and includes a more representative sample of afterglows
(thanks to which we fixed the micro–physical parameters), we con-
sider that our estimates better represent the low flux end of the OA
distribution. Moreover, what is new in our model is that we pre-
dict the properties of OAs based on the observed properties of GRBs
in the γ–ray band, considering as constraints the flux and fluence
distribution of the population of GRBs detected by Swift, BATSE,
and Fermi. Since the γ–ray energy detected in the prompt emission
is a proxy of the kinetic energy driving the afterglow deceleration,
our simulated population of bursts includes both high and low ki-
netic power bursts. The choice to reproduce the afterglow flux dis-

1http://www.h-atlas.org/\http://www.h-atlas.org/survey/fields
2http://swire.ipac.caltech.edu/swire/astronomers/program.html\http:

//swire.ipac.caltech.edu/swire/public/faqs.html#where
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tribution of the complete BAT6 sample of Swift bursts, despite being
composed by relatively bright events, ensures that we are extending
the flux distribution of the synthetic GRB population to the low end
better than what could be done with the limited number of GRBs
detected in the pre–Swift era.
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CHAPTER8
Short GRBs at the dawn of the Gravitational

Wave era

It is believed that short GRBs have a different origin with respect
the long ones. Their progenitor is most likely a compact object bi-
nary system (NS–NS or NS–BH e.g. Giacomazzo et al. 2013 but also
see Perna et al. 2016) which merge and lead to the formation of a
BH–torus system. In fact, they are characterized by a low density of
the close circumburst medium (Fong and Berger, 2013; Fong et al.,
2015), are not associated to SNe events and recently a kilonova sig-
nature has been detected (Eichler et al., 1989; Li and Paczyński, 1998;
Yang et al., 2015; Jin et al., 2015, 2016). Despite this, the prompt γ–
ray emission properties of SGRBs (Ghirlanda et al., 2009, 2015a), the
sustained long–lasting X–ray emission (although not ubiquitous in
short GRBs; Sakamoto and Gehrels, 2009) and the flaring activity
suggest that the central engine and the radiation mechanisms are
similar to long GRBs.
Because of their link with coalescing binary systems of compact

objects, SGRBs are one of the most promising electromagnetic coun-
terparts of gravitational waves (GW) events.
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The rate of association of GW events with SGRBs is mainly de-
termined by the rate of SGRBs within the relatively small horizon
set by the sensitivity of the updated interferometers aLIGO and Ad-
vanced Virgo (Abbott et al., 2016a). However, current estimates of
local SGRB rates range from 0.1− 0.6 Gpc−3 yr−1 (e.g. Guetta and
Piran, 2005, 2006) to 1 − 10 Gpc−3 yr−1 (Guetta and Piran, 2006;
Guetta and Stella, 2009; Coward et al., 2012; Siellez et al., 2014; Wan-
derman and Piran, 2015) to even larger values, e.g. 40− 240 Gpc−3
yr−1 (Guetta and Piran, 2006; Nakar et al., 2006). Note that these
rates do not take into account the correction for the jet collimation,
i.e. they are representative of the observed population. Moreover,
such rate estimates mainly depend on the luminosity function φ(L)
and the cosmic formation rate ψ(z) of SGRBs. These functions have
been derived for SGRBs by using the indirect method (see the begin-
ning of Chp.4 for more details) on small samples of bursts. ψ(z), in
particular, has always been assumed to follow the cosmic star for-
mation rate ψ⋆(z) with a delay τ which is due to the time necessary
for the progenitor binary system to merge:

ψ(z) =
∫ ∞

z
ψ⋆(z

′)P[t(z)− t(z′)]
dt

dz′ dz′ (8.1)

The common approach consists in assuming parametric forms for
the compact binary merger delay time distribution P(τ) and for the
SGRB luminosity function; free parameters of such functions are
then constrained through the small sample of SGRBs with measured
redshifts and luminosities and through the distribution of the γ–
ray peak fluxes of SGRBs. The delay time τ distribution has been
derived by various authors typically assuming a single power–law
P(τ) ∝ τ−δ (e.g. with δ = 1 − 2; Guetta and Piran, 2005, 2006;
D’Avanzo et al., 2014; Wanderman and Piran, 2015) with aminimum
delay time τmin = 10− 20 Myr, or a peaked (log–normal) distribu-
tion with a considerably large delay (e.g. 2–4 Gyr, Wanderman and
Piran, 2015; Nakar andGal-Yam, 2005). However, theoretical consid-
erations and population synthesis (Portegies Zwart and Yungelson,
1998; Schneider et al., 2001; O’Shaughnessy et al., 2008; Belczynski
et al., 2006; Dominik et al., 2013) suggest that compact binary coales-
cence should typically follow a delay time distribution P(τ) ∝ τ−1

with τ " 10 Myr. A power–law or a BPL (normalized to their inte-
gral) are usually assumed for φ(L).
Since there are relatively few events with L − z measured (see
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e.g. Berger, 2014; D’Avanzo, 2015, for recent reviews) constituting
incomplete samples, it is not possible to apply direct inversionmeth-
ods (e.g. C− method or the MLE – see Chp.4) in order to obtain
φ(L) and ψ(z). For this reason we considered, for the first time,
all the available observational constraints for the short GRB popula-
tion (detected by Fermi/GBM) and adopted a Markov Chain Monte
Carlo (MCMC) approach in order to derive the parameters describ-
ing the φ(L) and ψ(z) of SGRBs. These constraints are:

1. the peak flux distribution;

2. the redshift distribution of the SGRBs with measured z;

3. the peak energy Ep,o of the observed νF(ν) spectrum;

4. the fluence S;

5. the duration T90;

6. isotropic luminosity L;

7. isotropic energy E.

8.1 Observational constraints

For the distributions of the observer frame prompt emission proper-
ties (constraints 1, 3, 4, 5) we considered the sample of 1767 GRBs de-
tected by Fermi/GBM (from GRB080714 to GRB160118) as reported
in the online spectral catalogue. Of these bursts, 295 in the sample
are SGRBs (i.e. with T90 ≤ 2 s). We only select bursts with a peak flux
(computed on 64 ms timescale in the [10− 1000] keV energy range)
larger than 5 ph cm−2 s−1 in order to work with a well–defined sam-
ple, less affected by the possible incompleteness close to the detector
threshold flux. With this selection, our sample reduces to 211 SGRBs
detected by Fermi/GBM in 7.5 yr within its field of view of ∼ 70%
of the sky. We defined the observer–frame constraints as follows:

1 the distribution of the 64 ms peak flux P64 (integrated in the
[10 − 1000] keV energy range). Black symbols in the top left
panel of Fig.8.1;

3 the distribution of the observed peak energy of the prompt emis-
sion spectrum Ep,o. Black symbols in the bottom left panel of
Fig.8.1;
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4 the distribution of the fluence S (integrated in the [10− 1000]
keV energy range). Black symbols in the bottom middle panel
of Fig.8.1;

5 the distribution of the duration T90 of the prompt emission.
Black symbols in the bottom right panel of Fig.8.1.

The errors on these distributions (shown in Fig.8.1) have been com-
puted by resampling eachmeasurement (P64, S, Ep,o, and T90) within
its error with a normal distribution. For each bin, the vertical error
bars represent the standard deviation of the bin heights of the re-
sampled distributions.
We adopted here the peak flux P64 and the fluence S computed

in the wide [10 − 1000] keV energy range (provided in the Fermi
spectral catalog) rather than the typically adopted [50 − 300] keV
peak flux (e.g. from the BATSE catalog) because the typical observer
frame peak energy Ep,o distribution (e.g. Ghirlanda et al., 2009; Nava
et al., 2011; Gruber et al., 2014) is centered at relatively large values
(∼ 0.5 − 1 MeV). In this way we are more confident to sample a
greater portion of the prompt spectrum.
In order to get the rest frame properties (constraints 2, 6, 7) we

considered the SBAT4 complete sample defined in D’Avanzo et al.
(2014). It consists of bursts detected by Swift, selected with criteria
similar to those adopted for the BAT6 complete sample of long GRBs
defined in Salvaterra et al. (2012, see however Sec.5.2), with a peak
flux (integrated in the [15− 150] keV energy range and computed
on a 64 ms timescale) P64 ≥ 3.5 photons cm−2 s−1.

2 The redshift distribution of the SBAT4 sample is shown in the
top right panel of Fig.8.1 (solid black line). The grey shaded
region is spanned by the distribution when the five SGRBs in
the sample with unknown z are all assigned the minimum or
the maximum redshift of the sample.

6-7 Within the SBAT4 samplewe considered the 11 GRBswith known
z and determined L and E (the distributions of these quantities
are shown in the inset of Fig.8.1, top right panel, with black and
grey lines respectively).

8.1.1 From population properties to observables

We can exploit the general theoretical model describing a population
of sources (see Sec.3.2) in order to obtain their observational proper-
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Figure 8.1: Black dots show the distributions obtained from our Fermi/GBM and Swift SBAT4 samples. Horizontal error bars
are the bin widths, while vertical error bars are 1σ errors on the bin heights accounting for experimental errors on single
measurements. The results of our MC population synthesis code are shown by solid red lines (assuming Ep − L and Ep − E
correlations to hold for SGRBs) and by triple dot–dashed orange lines (assuming no correlation). Predictions based on the
models of D’Avanzo et al. (2014) and (Wanderman and Piran, 2015) are shown by dashed blue and dot–dashed cyan lines,
respectively (the latter only in the first three panels; see text). These are obtained by the analytic methods of sub–Sec.8.1.1.
Top left panel: distribution of the peak flux P of the Fermi/GBM sample. Top right panel: normalized cumulative redshift
distribution of the SBAT4 sample. The grey shaded area represents the range spanned by the distribution if the remaining
bursts with unknown z are assigned the largest or the lowest z of the sample. The inset shows the cumulative distributions
of the isotropic luminosity (solid black line) and energy (solid grey line) of the same sample. Bottom panels: from left to right,
distributions of peak energy Ep,o, fluence, and duration of SGRBs of our Fermi/GBM sample.
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ties. Given the two parent distributions φ(L) and ψ(z), the peak flux
distribution can be derived as:

N(P1 < P < P2) =
ΩT

4π

∫ ∞

0

ψ(z)

(1+ z)

dV

dz
dz
∫ L(P2,z)

L(P1,z)
φ(L) dL (8.2)

where Ω/4π is the fraction of sky covered by the instrument/de-
tector, dV(z)/dz is the differential comoving volume and the flux P
(observed in the energy range [E1, E2]) corresponding to the lumi-
nosity L at redshift z is given by

P(L, z, Epeak, α) =
L

4πdL(z)2

∫ E2(1+z)
E1(1+z)

EN(E|Epeak, α) dE
∫ ∞

0 EN(E|Epeak, α) dE
(8.3)

being N(E|Epeak, α) the rest frame photon spectrum of the GRB. In
order to compare the model peak flux distribution obtained from
Eq.8.2 with the real peak flux distribution obtained by the observed
population of GRBs, only those events with peak flux above a cer-
tain threshold Plim have been considered. The integral in Eq.8.2 is
thus performed over the (L, z) range where the corresponding flux
is larger than Plim.
The assumption of the an Ep − L correlation (see D’Avanzo et al.,

2014) allows us to derive the expected distribution of the observer
frame peak energy Ep,o:

N(E1,p,o < Ep,o < E2,p,o) =
ΩT

4π

∫ ∞

0

ψ(z)

(1+ z)

dV

dz
dz
∫ L(E2,p,o,z)

L(E1,p,o,z)
φ(L) dL

(8.4)
where the limits of the luminosity integral are computed by using
the rest frame correlation Ep = YLmy , namely

L(Ep,o, z) =
(

Ep

Y

)1/my

=

(

(1+ z)Ep,o

Y

)1/my

(8.5)

Similarly to the previous case the integral in Eq.8.4 is performed
over values of L(Ep,o, z) corresponding to fluxes above the limiting
flux adopted to define the real GRB sample. Now, assuming also an
Ep− E correlation to hold for SGRBs (see D’Avanzo et al., 2014; Tsut-
sui et al., 2013; Amati, 2006; Calderone et al., 2015), i.e. Ep = AEma ,
we can derive the following relation between E and L:

L(E) =

(

A

Y

)1/my

Ema/my (8.6)
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The latter is then used to define the integral needed in obtaining the
fluence S distribution through the following formula:

N(S1 < S < S2) =
ΩT

4π

∫ ∞

0

ψ(z)

(1+ z)

dV

dz
dz
∫ L(E2)

L(E1)
φ(L) dL (8.7)

again by limiting the integral to luminosities corresponding to fluxes
above the given limiting flux.
Finally, considering the spiky light–curves of SGRBs, we can as-

sume a triangular shape and thus let 2E/L ≈ T in the rest frame
of the source. Therefore, it is possible to combine the Ep − E and
Ep − L correlations to derive the model predictions for the distribu-
tion of the duration to be compared with the observed distribution,

N(T1,o < T < T1,o) =
ΩT

4π

∫ ∞

0

ψ(z)

(1+ z)

dV

dz
dz
∫ L(T2,o,z)

L(T1,o,z)
φ(L) dL

(8.8)
where

L(To, z) =

[

(

Y

A

)1/ma 2(1+ z)

To

]1/(1−my/ma)

(8.9)

8.2 Monte Carlo Markov Chain approach

In this section I will describe the MCMC implemented in order to
find the best φ(L) and ψ(z) for short GRBs that reproduce all the
seven constraints defined in the previous section. We employed a
MCMCapproach based on theMetropolis-Hastings algorithm (Hast-
ings, 1970). At each step of the MCMC, a Monte Carlo simulation is
run to generate a model population (depending on a set p of param-
eters) that is then compared with the real SGRB samples.

• we displace each parameter pi from the last accepted value. The
displacement is sampled from a uniform distribution whose
maximum width is carefully tuned in order to avoid the ran-
domwalk remaining stuck in localmaxima; For parameters cor-
responding to slopes mi, we actually displace the correspond-
ing angle ϕi = arctan(mi) (in order to avoid a bias towards high
slopes;

• we compute the Kolmogorov–Smirnov (KS) probability PKS,j of
each observed distribution to be drawn from the corresponding
model distribution;
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• we define the goodness of fit G of the model as the sum of the
logarithms of these KS probabilities, i.e. G = ∑

7
j=1 log(PKS,j).

This is clearly only an approximate likelihood, since it implies
an assumption of independence of each distribution from the
others, but we tested that its maximization gives consistent re-
sults;

• Finally, we compare g = exp(G) with a random number r sam-
pled from a uniform distribution within 0 and 1: if g > r the set
of parameters is accepted, otherwise it is rejected.

We tested the MCMC adopting different sets of initial parameters
with the aim to verify that a unique global maximum of G could
be found. Once properly set up, 200 000 steps of the MCMC were
run. After removing the initial burn in, the auto–correlation length
of each parameter in the chainwas computed, and the posterior den-
sity distribution of each parameter (and the joint distribution of each
couple of parameters) were calculated.

8.2.1 MC simulation of the SGRB population

TheMonte Carlo we performed in order to simulate the SGRBs pop-
ulation (at each MCMC step) is schematically represented in Fig.8.2
and it is based on the following choices:

• Usually the SGRB cosmic formation rate ψ(z) is modeled re-
tarding the SFR ψ⋆ assuming a delay time distribution P(τ)(see.
Eq.8.1). However, it is possible to directly describe the forma-
tion rate of SGRBs adopting a generic parametric form for ψ(z).
A posteriori, if one believes the progenitors to be compact bina-
ries, the delay time distribution can be recovered by direct com-
parison of our result with the star formation history of choice.
We parametrized ψ(z) following Cole et al. (2001), namely:

ψ(z) =
1+ p1z

1+ (z/zp)p2
(8.10)

for p1 > 0 and p2 > 1 this function peaks around zp.

• In order to have a proper set of simulated parameters, it is con-
venient, rather than directly extract the luminosities, to extract
Ep from an assumed probability distribution. We assumed a
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ϕ

Figure 8.2: Scheme of the procedure followed in the MC to generate the observ-
ables of each synthetic GRB.

BPL shape for this distribution:

φ(Ep) ∝

{

(Ep/Ep,b)
−a1 , Ep ≤ Ep,b

(Ep/Ep,b)
−a2 , Ep > Ep,b

(8.11)

Once extracted the peak energy it is possible to assign a lumi-
nosity and an energy through the Ep − L (aka Yonetoku) and
Ep − E (aka Amati) correlations (also accounting for their scat-
ter – see Sec.1.3). Recent evidence supports the existence of
such a correlation among SGRBs (see e.g. Calderone et al., 2015;
D’Avanzo et al., 2014; Ghirlanda et al., 2009; Tsutsui et al., 2013)
with similar parameters to those present in the population of
long GRBs (Amati et al., 2002; Yonetoku et al., 2004). The lumi-
nosity function is then reconstructed using the assigned lumi-
nosities.

• We employed the Yonetoku and Amati correlations in the fol-
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lowing form:

log10(Ep/670 keV) = qY + mY log10(L/1052 erg/s) (8.12)

log10(Ep/670 keV) = qA + mA log10(E/1051 erg) (8.13)

We did not assume the observed correlation but assumed that
such a kind of correlations exist for SGRBs. The latter equations
represent the central values of the correlations. Since there are
still too few SGRBs with measured redshift in order to properly
define an intrinsic scatter, we assumed the scatter affecting the
correlations holding for the population of long GRBs, i.e. σ =
0.2 (Nava et al., 2012).

• The spectrum of SGRBs is often assumed to be a cut–off power–
law, or a Band function (Band et al., 1993). Typical values for
the low energy spectral index α ∼ 0.6 (relative to the popula-
tion of SGRBs detected by BATSE and Fermi – Ghirlanda et al.
2009; Gruber et al. 2014; Nava et al. 2011 and, in the case of
the Band function, β ∼ 2.3− 2.5. The peak energy is either as-
sumed fixed (e.g. 800 keV in Wanderman and Piran, 2015) or
derived through the SGRBs Ep − L correlation analogously to
long bursts (D’Avanzo et al., 2014; Virgili et al., 2011b). We as-
sumed that the prompt spectrum is described by typical Band
function having low and high photon spectral index equals to
−0.6 and −2.5, respectively. We kept these two parameters
fixed after checking that our results were unaffected by sam-
pling them from distributions centered around these values or
either centered around other reasonable values.

The MC simulation is resumed in the scheme shown in Fig.8.2.
We considered and tested three different scenarios:

(a) a redshift z and a peak energy Ep are sampled from the cor-
responding distribution ψ(z) and φ(Ep), respectively. Then, a
luminosity (energy) is assigned through the Ep− L (Ep− E) cor-
relation having log–normal scatter. Using L (E) and z, the peak
flux P (fluence S) in the observer frame energy range [10− 1000]
keV is derived via the assumed spectral shape. The observer
frame duration T is obtained, approximating the light–curve
with a triangle, through the relation T = 2(1+ z)E/L;
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(b) The minimum and the maximum values of Ep admitted are
0.1 keV and 105 keV, respectively. These limiting values cor-
respond to a minimum luminosity Lmin and a maximum lumi-
nosity Lmax which are obtained through the Ep − L correlation.
While the maximum luminosity is inessential, the existence of
a minimum luminosity might affect the observed distributions.
Differently with respect the case (a) we consider Lmin as a pa-
rameter and we reject values of Ep corresponding to smaller
luminosities.

(c) There is the possibility that the results obtained in case (a) and
(b) depend on the assumption of the Amati and Yonetoku cor-
relations. Therefore in this third case we consider independent
probability distributions for the luminosity and duration. A
broken power–law

φ(Ep) ∝

{

(L/Lb)
−α1 , L ≤ Lb

(L/Lb)
−α2 , L > Lb

(8.14)

is assumed for the luminosity distribution, and a log–normal
shape

P(Tr) ∝ exp

[

−1
2

(

log(Tr)− log(Tc)
σTc

)2
]

(8.15)

is assumed for the rest frame duration Tr = T/(1 + z) prob-
ability distribution. The energy of each GRB is computed as
E = LTr/2.

8.2.2 MCMC results

We explored three different cases:

(a) We assumed that the correlations Ep − L and Ep − E are valid
for SGRBs as for the long ones and we did not imposed a mini-
mum value for the luminosity. In total there are ten free param-
eters: three (p1, zp, p2) define the SGRB formation rate (Eq.8.10),
three (a1, a2, Ep,b) define the peak energy distribution (Eq.8.11),
and four (qY, mY, qA, mA) define the correlations (Eq.8.12 and
Eq.8.13);

(b) We assumed also in this case the presence of both the correla-
tions but imposing a minimum value for the luminosity. Since
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Figure 8.3: Marginalized densities of our MCMC parameters for the case (a) (i.e.
with correlations and no minimum luminosity). Black dashed lines indicate
the means and black dot–dashed lines indicate the modes of the distributions.
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Lmin is assumed a priori the free parameter are the same of the
case (a);

(c) We did non assume any correlations and thus directly gener-
ated luminosity L and rest frame duration Tr from which indi-
rectly we obtained the energy E. In this case we lose the four
parameters related to the correlations but we gain five more
(eleven in total): (α1, α2, Lb) for the luminosity function (Eq.8.14)
and (Tc, σTc) for the duration distribution (Eq.8.15).

The resulting 1D and 2D marginalized distributions are shown,
for case (a), in Fig.8.3, where black dashed (black dot–dashed) lines
indicate the position of the mean (mode) of the marginalized den-
sity of each parameter. The filled contours represent the 68% (darker
red) and 95% (lighter red) probability areas of the joint density dis-
tributions. In Fig.8.1 the resulting distributions are shown, for case
(a – red lines) and case (c – orange lines), superimposed to the con-
straints distributions. Are also shown, for comparison, the results
of D’Avanzo et al. (2014); Wanderman and Piran (2015) and the de-
rived observables distributions (blue dashed lines and cyan dot–
dashed lines, respectively). The means, modes, and 68% probabil-
ity intervals of the 1D marginalized distributions are summarized
in Tab.8.1, where the corresponding luminosity function parameters
are also reported.

8.3 Results

Among the most recent studies of the φ(L) and ψ(z) of SGRBs we
considered, as a comparisonwork, thework of D’Avanzo et al. (2014)
and Wanderman and Piran (2015) (see Fig.8.1).
D’Avanzo et al. (2014) assumed a power–law shape for both the

φ(L) and the delay time distribution P(τ), and assumed the cosmic
SFR of Hopkins and Beacom (2006). Similarly to our case (a) and
(b) they assumed the correlation Ep − L to be valid for SGRBs (in
the form Ep = 337keV(Liso/(2× 1052erg/s))0.49 as reported in their
paper). They also assumed a Band spectrum (Band et al., 1993) with
low and high energy photon spectral indexes−0.6 and−2.3, respec-
tively. They used two constrains: the BATSE peak flux distribution
and the redshift distribution of bright Swift short bursts with mea-
sured z.
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Table 8.1: Summary of Monte Carlo Markov Chain results. C.I. = confidence in-
terval. Epeak,b, Lb and Tc are in units of keV, 1052 erg s−1 and s, respectively.
Double horizontal lines separate different cases. From top to bottom: (a) case
with correlations and no minimum luminosity, (b) case with correlations and
minimum luminosity, (c) case with no correlations.

Parameter Mean Mode 68% C.I.

a1 0.53 0.8 (0.2, 1)
a2 4 2.6 (1.9, 4.4)
Epeak,b 1600 1400 (880, 2000)
mY 0.84 0.69 (0.58, 0.88)
mA 1.1 0.91 (0.76, 1.2)
qY 0.034 0.068 (−0.069, 0.18)
qA 0.042 0.033 (−0.061, 0.13)
p1 2.8 1.8 (0.59, 3.7)
zp 2.3 2.7 (1.7, 3.2)
p2 3.5 1.7 (0.94, 4)

α1 0.53 0.88 (0.39, 1.0)
α2 3.4 2.2 (1.7, 3.7)
Lb 2.8 2.1 (0.91, 3.4)

a1 0.39 0.24 (−0.15, 0.8)
a2 3.5 2.5 (1.9, 3.7)
Epeak,b 1400 1100 (730, 1700)
mY 0.88 0.76 (0.61, 0.97)
mA 1.1 0.95 (0.77, 1.2)
qY 0.045 0.077 (−0.039, 0.17)
qA 0.043 0.053 (−0.037, 0.14)
p1 3.1 2.4 (1, 4.2)
zp 2.5 3 (1.9, 3.3)
p2 3 1.3 (0.9, 3.1)

α1 0.38 0.47 (0.034, 0.98)
α2 3 2.1 (1.7, 3.2)
Lb 2.3 1.5 (0.71, 2.8)

a1 −0.61 −0.55 (−0.73,−0.41)
a2 2.8 2.5 (2.1, 2.9)
Epeak,b 2200 2100 (1900, 2500)
α1 −0.15 −0.32 (−1.5, 0.81)
α2 2.0 1.8 (1.2, 2.8)
Lb 0.63 0.79 (0.32, 1.6)
Tc 0.11 0.11 (0.084, 0.13)
σTc 0.91 0.90 (0.79, 1.0)
p1 3.1 2.0 (0.51, 4.1)
zp 2.5 2.8 (2.0, 3.3)
p2 3.6 2.0 (1.1, 3.7)
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They find that the luminosity function of SGRBs is φ(L) ∝ L−2.17

between 1049 erg/s and 1055 erg/s, and that P(τ) ∝ τ−1.5 with a
minimum delay of 20Myr. The dashed blue lines in Fig.8.1 show the
distributions corresponding to the results of D’Avanzo et al. (2014)
obtained through the equations derived in sub–Sec.8.1.1): they cor-
rectly reproduce the peak flux distribution (top left panel of Fig.8.1)
of Fermi SGRBs and the redshift distribution of the bright SGRBs de-
tected by Swift (top right panel), but are not in agreement with the
other additional constraints (bottom panels of Fig.8.1) that we con-
sider in this work. We limited their model to the limiting flux 5 ph
cm−2 s−1 in order to make their distributions comparable with the
sample selected in this work.
Also the results from WP15 (dot–dashed cyan lines in Fig.8.1 –

log–normal P(τ) case) correctly reproduce the constraints they adop-
ted while badly match the other ones. Differently from D’Avanzo
et al. (2014) they assigned to all SGRBs a fixed rest frame Erestp = 800
keV, thus it is not possible to derive the fluence and duration of their
model unless independent functions for these parameters are as-
sumed. Their preferred model for φ(L) is a broken power–law, with
a break at 2× 1052 erg/s having slopes of −1.9 and −3.0 before and
above the break, respectively. Their preferred models for the delay
time are either a power–law P(τ) ∝ τ−0.81 with a minimum delay of
20 Myr or a log–normal delay time distribution with central value
2.9 Gyr and sigma ≤ 0.2.
In conclusion, a steep φ(L) with either a power–law distribution

of delay times favouring short delays (as in D’Avanzo et al., 2014)
or a nearly unique long delay time (as in the log–normal model
adopted byWanderman and Piran, 2015) correctly reproduce the ob-
server frame peak flux distribution of Fermi GRBs and the redshift
distribution of Swift bright short bursts. However, they do not re-
produce the peak energy, fluence, and duration distributions of the
same population of Fermi SGRBs.

8.3.1 SGRBs luminosity function φ(L)

The luminosity obtained in the case (a) is a BPL (Eq.8.14) with α1 =
0.53+0.47−0.14 (i.e. and flatter than 1.0 within the 68% confidence inter-
val) below a break luminosity Lb = 2.8+0.6−1.89 × 1052 erg/s and much
steeper, α2 = 3.4+0.3−1.7, above this characteristic luminosity. Here, the
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minimum luminosity ∼ 5 × 1047 erg/s is set by the minimum Ep
coupled with the Ep − L correlation. In the case (b), despite a mini-
mum luminosity has been introduced a priori, we obtain similar pa-
rameters for φ(L). This tells us that φ(L) is not almost independent
on the assumption of a minimum luminosity.
If we assume no correlations to hold (case (c)), we obtain (inde-

pendent) peaked distributions for the peak energy and the luminos-
ity. These distributions are wider and leads to more dispersed pa-
rameters than cases (a) and (b). In particular, the slope α1 of the lu-
minosity function below the break is poorly constrained, although
this cannot be steeper than 0.81 (at the 68% confidence level). We be-
lieve that the larger uncertainty on the best fit parameters in case (c)
is due to the higher freedom allowed by the uncorrelated luminosity
function, peak energy distribution, and duration distribution.
Moreover, such a luminosity function implies an average isotro-

pic equivalent luminosity 〈L〉 = 1.5× 1052 erg/s (or 3× 1052 erg/s
in case (c)) which is much larger than e.g. 〈L〉 ≈ 3 × 1050 erg/s
from D’Avanzo et al. (2014) or 〈L〉 ≈ 4.5× 1050 erg/s from Wander-
man and Piran (2015).

8.3.2 SGRBs formation rate ψ(z)

Our predicted cosmic formation rate for short GRBs (case (a) – red
solid line; and case (c) – orange triple dot–dashed line) are shown in
Fig.8.4 compared with the following redshift distributions (arbitrary
normalization):

• The SFR from Madau and Dickinson (2014) retarded according
to the delay time distribution P(τ) ∝ τ−1 with τ > 20 Myr
(grey dashed line);

• the redshift distribution of NS–NS mergers as predicted by Do-
minik et al. (2013) in the case of standard binary evolution. Their
formation rate is obtained on the basis of sophisticated binary
population synthesis, assuming two different metallicity evo-
lution scenarios: high–end (pink solid line) and low–end (pink
dotted line);

• The SGRBs formation rate from D’Avanzo et al. (2014), which is
the SFR by Hopkins and Beacom (2006) retarded according to
the delay time distribution P(τ) ∝ τ−1.5 with τ > 20 Myr (blue
dashed line);
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Figure 8.4: Comparison between various predicted SGRB redshift distribu-
tions. The grey dashed line represents the convolution of the cosmic SFH
from Madau and Dickinson (2014) with a delay time distribution P(τ) ∝ τ−1

with τ > 20 Myr (the normalization is arbitrary). The pink solid line (pink
dotted line) represents the redshift distribution of NS–NS binary mergers pre-
dicted by Dominik et al. (2013) in their high end (low end)metallicity evolution
scenario (standard binary evolution model). The blue dashed line and cyan
dot–dashed line are the SGRB redshift distributions according to D’Avanzo
et al. (2014) and to Wanderman and Piran (2015), respectively. The red solid
line is our result in case (a), while the orange triple dot–dashed line is our re-
sult in case (c). In both cases we used the mean parameter values as listed in
Tab.8.1.

• The SGRBs formation rate from Wanderman and Piran (2015),
obtained convolving a SFR based on Planck results (extended
halomodel – Planck Collaboration et al. 2014) with a log–normal
delay time distribution P(τ) ∝ exp

[

−(ln τ − ln τ0)/(2σ2)
]

, where
τ0 = 2.9 Gyr and σ < 0.2 (we adopted σ = 0.1 – cyan dot–
dashed line).

The redshift distribution of SGRBs ψ(z) in case (a) peaks at z ∼
1.5 and falls rapidly above the peak. It seems to be compatible with
the SFR fromMadau and Dickinson (2014) delayed with P(τ) ∝ τ−1
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with τ > 20 Myr. In case (c), on the other hand, the redshift dis-
tribution we find seems to be indicative of a slightly smaller ave-
rage delay with respect to case (a). However, since the errors on our
parameters (p1, zp, p2) of the resulting formation rate (Eq.8.10) are
rather large, no strong and detailed conclusion about the delay time
distribution can be drawn.
The redshift distribution by D’Avanzo et al. (2014) peaks between

z ∼ 2 and z ∼ 2.5 (at a higher redshift with respect our results). This
because their assumed SFR (peaking a priori at higher redshift) is not
much delayed by the assumed P(τ) ∝ τ−1.5 delay time distribution.
On the other hand, the result of Wanderman and Piran (2015) peaks
at very low redshift (∼ 0.8) and predicts essentially no SGRBs with
redshift z ∼ 2 because of the extremely large delay implied by their
delay time distribution.

8.3.3 SGRBs local rate

The local rate of SGRBs is particularly important due to the con-
nection with gravitational wave events to be detected by the ad-
vanced interferometers: Advanced LIGO (LIGO Scientific Collabo-
ration et al., 2015) and Advanced Virgo (Acernese et al., 2015). There
is a considerable number of predictions for the rate of SGRBs within
the horizon of GW detectors in the literature. The rather wide range
of predictions, extending from 0.1 Gpc−3 yr−1 to> 200 Gpc−3 yr−1 (e.g.
Guetta and Piran, 2005, 2006), can be tested and further constrained
by forthcomingGW–SGRB associations (Coward et al., 2014; Branch-
esi et al., 2012). If SGRBs have a jet, one must account for the colli-
mation factor, i.e. multiply the rate by fb = (1− cos θjet)−1, in order
to compare such predictions with the compact binary merger rate.
The fraction of SGRBs detectable above a limiting flux Plim within

a given redshift z is:

N(< z) =
∫ z

0

ψ(z)

(1+ z)

dV

dz
dz
∫

L≥L(Plim,z)
φ(L) dL (8.16)

where L(Plim, z) represents the minimum luminosity corresponding
to the flux limit Plim at redshift z.
Fig.8.5 shows the rate of SGRBs within a given redshift z (zoomed

up to z < 0.1). The different curves are obtained using the formation
rate ψ(z) and luminosity function φ(L) by D’Avanzo et al. (2014)
and Wanderman and Piran (2015) (shown by the dashed blue and
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Figure 8.5: Event rates within redshift z: Solid red line and triple dot–dashed
orange line represent the SGRB rates for case (a) and case (c) of this work, re-
spectively. The yellow shaded region represents the 68% confidence level on
the rate (red line) of case (a). SGRB rates according to the models of D’Avanzo
et al. (2014) and Wanderman and Piran (2015) are shown by the dashed blue
and dot–dashed cyan lines, respectively. The rate of NS–NS mergers is shown
by the hatched pink region where the lower (upper) boundary corresponds to
the rate derived from population synthesis models (Galactic binaries) in Do-
minik et al. (2015) and Kim et al. (2015). The vertical grey shaded regions show
the present and design ranges of aLIGO for NS–NS mergers. The upper limit
(white star) corresponds to the non–detection of NS–NS mergers in the first
48.6 days of the “O1” run of aLIGO. The green vertical bar is the rate of binary
BH mergers derived by Abbott et al. (2016b) and shown here at the distance of
GW150914 and GW151226.

dot–dashed cyan lines, respectively) and the results of our case (a)
(solid red line) and case (c) (triple dot–dashed orange line). These
curves represent the population of SGRBs detectable in γ–rays by
current flying instruments. At such low redshifts (as those in Fig.8.5),
even the bursts populating the lowest end of the luminosity function
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can be observed above the flux limits of available GRB detectors (e.g.
the Fermi/GBM). The ψ(z) that we derive (see Fig.8.4) rises, below
the peak, in a way similar to those adopted in the literature (e.g.
D’Avanzo et al., 2014; Wanderman and Piran, 2015). The lower rates
predicted by our models with respect to those of D’Avanzo et al.
(2014) and Wanderman and Piran (2015) are thus mainly due to our
flatter φ(L).
The dark grey shaded region in Fig.8.5 represents the distance

within which aLIGO should have been able to detect NS–NS merg-
ers during “O1” (Martynov et al. 2016 – estimated to be 60–80 Mpc,
which corresponds to redshift z ∼ 0.014− 0.0185). We use this dis-
tance to define an upper limit on the NS–NS merger rate (white star
symbol in Fig.8.5), given the non–detection of any such events in the
48.6 days of “O1” data (Martynov et al., 2016).
Fig.8.5 also shows the predictions of population synthesis models

for double NS merger (Dominik et al., 2015) or the estimates based
on the Galactic population of NS (Kim et al., 2015) which bracket the
pink dashed region in Fig.8.5.
By comparing our SGRB rate models in Fig.8.5 with these puta-

tive progenitor curves and assuming that all NS–NS binary mergers
yield a SGRB, we estimate the average jet opening angle of SGRBs
as 〈θjet〉 ∼ 3◦ − 6◦ in case (a – red solid line) and 〈θjet〉 ∼ 5◦ − 10◦
in case (c – triple dot–dashed orange line). Using the local rates
by D’Avanzo et al. (2014, dashed blue line) and Wanderman and Pi-
ran (2015, dot–dashed cyan line) we obtain a slightly larger 〈θjet〉 ∼
7◦ − 14◦. These estimates represent minimum values of the average
jet opening angle, because they have been obtained under the as-
sumption that all NS–NS binary mergers lead to a SGRB. We note
that our range is consistent with the very few SGRBs with an esti-
mated jet opening angle: GRB 051221A (θjet = 7◦, Soderberg et al.
2006a), GRB 090426 (θjet = 5◦, Nicuesa Guelbenzu et al. 2011), GRB
111020A (θjet = 3◦ − 8◦, Fong et al. 2012), GRB 130603B (θjet = 4◦ −
8◦, Fong et al. 2014), and GRB140903A (Troja et al., 2016).
If the jet is preferentially launched in the same direction as the or-

bital angular momentum, the inspiral of the progenitor binary, when
associated to a SGRB, could be detected up to a larger distance (up to
a factor 2.26 larger, see Chassande–Mottin 2016) because the binary
is more likely to be face–on.
We can define the SGRB rate in function of the following three

typical distances:
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R D H

NS–NS ≤200 Mpc ≤300 Mpc ≤450 Mpc
Model (a) 0.007+0.001−0.003 0.024+0.004−0.007 0.077+0.014−0.028
Model (c) 0.028+0.005−0.010 0.095+0.017−0.034 0.299+0.054−0.108

NS–BH ≤410 Mpc ≤615 Mpc ≤927 Mpc
Model (a) 0.060+0.011−0.022 0.20+0.035−0.07 0.572+0.103−0.206
Model (c) 0.232+0.042−0.083 0.605+0.109−0.218 1.158+0.208−0.417

Table 8.2: Short GRB rates in yr−1 (68% errors) within the volume correspond-
ing to different distances: R = limiting distance for binary inspiral detection
by aLIGO, averaged over sky location and binary inclination, D = limiting dis-
tance for a face–on binary, averaged on sky location, H = limiting distance
(horizon) for a face–on binary. Limiting distances are obtained considering the
aLIGO design sensitivity to NS–NS or NS–BH inspirals (top and bottom por-
tions of the table, respectively).

• we indicate by R (range) the limiting distance for the detection
of a compact binary inspiral, averaged over all sky locations
and over all binary inclinations with respect to the line of sight;

• we indicate byD (distance to face–on) the limiting distance for the
detection of a face–on compact binary inspiral, averaged over all
sky locations;

• we indicate by H (horizon) the maximum limiting distance for
the detection of a face–on compact binary inspiral, i.e. the limit-
ing distance at the best sky location.

Tab.8.2 shows R, D, and H for both NS–NS binaries and BH–NS
binaries, corresponding to the design sensitivity of Advanced LIGO,
together with the expected rates of SGRBs (according to our mod-
els (a) and (c)) within the corresponding volumes. The local rate of
SGRBs predicted by our model (a) is ρ0,a = 0.20+0.04−0.07 Gpc

−3 yr−1

and for model (c) ρ0,c = 0.8+0.3−0.15 Gpc
−3 yr−1. The distance R for NS–

NS binary inspiral at design aLIGO sensitivity, which corresponds
to 200 Mpc (z ≈ 0.045), is shown by the vertical light grey shaded
region in Fig. 8.5.
Finally, considering the detections resulting from the analysis of

the “O1” aLIGO interferometers, the rate of BH–BH merger is 9–240
Gpc−3 yr−1, assuming different BHmass distributions (Abbott et al.,
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2016b). For the sake of comparison, in Fig.8.5 we show this range of
rates (vertical green bar) in yr−1 computed at the distance of GW
150914. The first such detection, named GW150914, has been inter-
preted according to general relativity as the space–time perturbation
produced by the merger of two black holes (with masses M1 ∼ 29
M⊙ and M2 ∼ 36 M⊙) at a distance of ∼410 Mpc (z =0.09). The full
analysis of the aLIGO first run cycle revealed a second binary black
hole merger event, GW151226 (Abbott et al., 2016b). In this case the
involved masses are smaller (M1 ∼ 14.2 M⊙ and M2 ∼ 7.5 M⊙) and
the associated distance is only slightly larger (∼440 Mpc).
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CHAPTER9
Dissipation mechanism in GRBs

GRBs light–curves appear as a sequence of prompt emission pulses
(PP herafter) (Fishman et al., 1993; Bhat et al., 2012) and exhibit a va-
riability on timescales as short as few milliseconds (Bhat et al., 1992;
Walker et al., 2000; MacLachlan et al., 2013). Thanks to the early fol-
low up by the X Ray Telescope (XRT - 0.3–10 keV) onboard of Swift
(Gehrels et al., 2004), it has been shown that large amplitude X–ray
flares (XRF, hereafter) are often superimposed to the “canonical” af-
terglow emission (Chincarini et al., 2007, 2010; Falcone et al., 2007).
Sometimes, X–ray flares can occur even one day after the γ–ray trig-
ger (Bernardini et al., 2011).
According to the fireball model, the prompt emission of GRBs

is generated by relativistic internal shocks (IS) produced by shells
ejected by the inner engine with random velocities (e.g. Rees and
Meszaros, 1994, see Chp.??). In these shocks, a fraction of the to-
tal kinetic energy of the fireballs is converted into radiation through
synchrotron and inverse Compton emission. This scenario can pro-
duce the highly variable light–curve of the prompt emission (Ko-
bayashi et al., 1997). Shocks produced by the deceleration of the
relativistic outflow by the interstellar medium, external shocks (ES),
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have been invoked to explain the long lasting, smoothly decaying,
broad band (from the optical to the radio) afterglow emission. How-
ever, over–densities of the circum burst medium (CBM) could also
produce a variable light–curve (e.g. Nakar and Piran, 2003).
While IS, being produced by shells with slightly different random

velocities, are expected to occur at a constant distance from the cen-
tral engine, in ES the radius where shocks occur increases due to the
expansion of the outflow in the CBM. As a consequence, IS should
differ from ES in producing pulses whose duration is not correlated
with their time of occurrence. No correlation between the dura-
tion and the occurrence time of a pulse of BATSE GRBs was found
(Ramirez-Ruiz and Fenimore, 2000). This favored the IS mechanism.

Swift observed X–ray flares in the [0.3 − 10] keV energy range
which show a duration increasing with time (Chincarini et al., 2010;
Yi et al., 2016; Kocevski et al., 2007). This property may be consistent
with an ES scenario. However, XRFs have spectral properties (e.g.
hard to soft evolution and harder spectral shape than the underly-
ing afterglow component) similar to those of PP (Chincarini et al.,
2006, 2007, 2010; Falcone et al., 2006; Margutti et al., 2010) and might
be due to IS (Chincarini et al., 2007; Curran et al., 2008). The nature
of XRFs is challenging for current models: they might demand a
long–lived (hours) central engine (e.g. Yu et al., 2015c) or they could
hint to short lived central engine emitting slower shells which dissi-
pate their energy via IS at later times (e.g. Lazzati and Perna, 2007).
Distinguishing between these two scenarios leads to important im-
plications for the physics of the GRB central engine.
One leading question is whether X–ray flares and prompt emis-

sion pulses share the same origin and if they are preferentially pro-
duced by IS or ES (the latter due to the interactionwith over–densities
in the CBM). To answer these questions we derived in Sec.2.4 and
Sec.2.5, under the simplest IS and ES scenarios, the expected rela-
tion between the pulse duration and its time of occurrence and we
will compare them with observations in the following section. This
work has recently been submitted for the publication (Pescalli et al.
2017).

9.1 Pulses duration–occurrence time relation

Within the standard IS model, if the collision radius of the fireballs
Rc is almost constant (assuming αΓ = 2 − 5, Γ1 = 50 − 200 and
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Figure 9.1: Example of deconvolution of the light–curve of GRB080723D in single
log–normal pulses. Figure from Bhat et al. (2012).

∆R = 109 cm, Rc ≃ ctc is 1013−14 cm – see Eq.2.11 in Sec.2.4 – see also
Lazzati et al. 1999) the duration of pulses ∆t (Eq.2.17 and Eq.2.18) is
of the order of 0.1 s and it should be uncorrelated with the time tp of
occurrence of the pulses. In the ES scenario pulses can be produced
by collisions between a relativistic fireball and over–density regions
encountered along its path (e.g. Dermer and Böttcher, 2000), at rest
with respect the central engine. If such over–densities are positioned
at increasing distances, the pulse width ∆t should increase linearly
with tp (see Sec.2.5). In summary, internal shock and external shock
scenarios predict a pulse duration which should be constant or in-
creasing with time, respectively.
In this section we compare these simple predictions with avail-

able observations. We consider both the pulses of the prompt emis-
sion phase as observed by the Fermi/GBMand the X–ray flares (XRF)
observed by Swift/XRT in the [0.3− 10] keV energy range.
For the prompt pulses (PP)we consider the sample of bright GRBs

analyzed in Bhat et al. (2012, B12 hereafter). They selected 32 bright
long GRBs (only 7 with measured redshift), detected by Fermi in its
first year of activity, which have the product of their fluence and
peak flux larger than 10−4 erg photons cm−4 s−1. B12 decompose the
observed light–curves (considering both the data of the NaI [8 keV–
1MeV] and BGO [200 keV–10MeV] detectors) as the superposition
of log–normal pulses obtaining, for each GRB in their sample, a set
of pulse duration, peak time and intensity (see Fig.9.1).
B12 analyzed light–curveswith a variable time resolution between

25 and 50 milliseconds in order to maximize the number of fitted
pulses. Since we are interested in the pulse duration, we considered
only the pulses with duration>25ms, i.e. reasonably larger than the

155



Chapter 9. Dissipation mechanism in GRBs

Figure 9.2: Observer frame pulse duration ∆tobs versus the pulse occurrence time
(peak time - tobs

peak). Times are refereed to the trigger time. Prompt emission
pulses of Fermi/GBM bursts (from Bhat et al. 2012) are shown with differ-
ent symbols: purple squares show pulses obtained from the analysis of the
GBM/NaI [8 keV–1 MeV] light–curves and red diamonds are pulses from GB-
M/BGO [200 keV–10 MeV] light–curves. Orange points, green asterisks and
cyan crosses show X–ray Flares (from Yi et al. 2016, Bernardini et al. 2011 and
Chincarini et al. 2010). The top–left and bottom–right inserts show the dis-
tribution of the correlation coefficients between the duration and pulse time
within single GRBs with > 2 pulses. Top left insert refers to pulses and the
bottom right insert is for flares. Dashed lines in the inserts show the case of no
correlation.

time resolution of the light–curves analyzed by B12. We extracted
from their compilation 374 pulses obtained from the analysis of the
light–curves of the NaI detectors, and 228 pulses from the data of
the BGO detectors.
For the X–Ray Flares (XRF) there are different samples published

in the literature: Chincarini et al. (2010, C10), Bernardini et al. (2011,
B11), Yi et al. (2016, Y16). C10 analyzed 113 early flares (tpeak < 1000
s) detected by Swift between April 2005 and March 2008. B11, ex-
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tending to flares detected up to December 2009, considered 36 late
flares (tpeak > 1000 s). Joining these two samples, the total number
of flares amounts to 149 of which 59 belongs to GRBs with measured
redshift. Recently, Y16 enlarged the sample of XRFs considering all
GRBs up toMarch 2015. Their catalog contains 468 bright and signif-
icant XRFs of which 200 with redshift. We collected the flares from
these three works.
Fig.9.2 shows the (observed) duration ∆tobs of pulses as a func-

tion of the observed time of the pulse peak tobspeak. Prompt emission
pulses obtained from B12 are shown by the purple squares and red
diamonds (corresponding to BGO and NaI data, respectively) and
XRFs are shown by the orange range points (Y16), green asterisks
(B11) and cyan crosses (C10). Peak times are referred to the trigger
time of individual GRBs they belong to.
The distribution of PP and XRF in the plane of Fig.9.2 seems to de-

scribe an overall, almost linear, continuum extending from short du-
ration (e.g. 0.01 seconds) early (1 s post trigger) pulses to extremely
long and late flares (up to 11 days after the trigger and with com-
parable duration). We note that a possible selection effect on X–ray
flares is due to the time needed for XRT to repoint the GRB. Typi-
cally this time is 1 minute which is close to the division between PP
and XRF in Fig.9.2.

9.1.1 Correlation analysis

We studied the possible correlation between the pulse duration and
its peak time in Fig.9.2. Considering PP and XRF as two distinct
populations we find the presence of a correlation (stronger andmore
significant for flares) between the pulse duration ∆tobs and the peak
time tobspeak. The Spearman’s correlation coefficient and its chance

probability are r = 0.31 and P ∼ 10−15, respectively, for prompt
pulses (consideringNaI and BGOpulses together, i.e. purple squares
and red diamonds in Fig.9.2). For XRF, distributed in a larger re-
gion of the ∆tobs–tobspeak plane with respect to PP, we find r = 0.60

(P ∼ 10−61).
Since we are searching for the possible signature of the IS or ES as

a process within individual bursts, we explore if there is a correla-
tion (either for PP and XRF) between the pulses duration ∆tobs and
their peak time tobspeak within single GRBs. We restricted our analysis
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to GRBs with more than two PP and we compute the Spearman’s
correlation coefficient for each GRB. The distribution of r for the PP
is shown in the top–left inset of Fig.9.2. Similarly, we compute the
correlation coefficient within individual GRBs with more than two
XRF: the distribution of r is shown by the orange histogram in the
bottom–right inset of Fig.9.2.
For PPwe find that the correlation coefficient is distributed around

0 while for XRF there is a clustering around positive values of r.
This suggests that, on average, no correlation is present between the
pulse width and its time of appearance in prompt emission pulses
(PP) as originally found by Ramirez-Ruiz and Fenimore (2000) while
a positive correlation exists in XRF (Chincarini et al., 2010; Yi et al.,
2016; Kocevski et al., 2007).
Since both ∆tobs–tobspeak are computed in the observer framewe ver-

ified that the correlations are not induced by the common redshift
dependence. Since only few bursts in B12 sample have measured z,
we performed a Monte Carlo simulation randomly generating red-
shifts from the GRB formation rate (as reported by Li 2008; Pescalli
et al. 2016). We created 104 random samples for which we computed
the correlation coefficient. For XRFs we considered the 259 bursts
with measured redshifts. We computed the partial correlation co-
efficient accounting for the common dependence on z of ∆tobs and
tobspeak. Also this test shows the correlation found in XRF is solid and
not induced by z. For PP we again find no significant correlation.
The absence of a correlation between the pulse duration and the

time of the peak during the prompt emissionwas originally reported
by Ramirez-Ruiz and Fenimore (2000). They considered GRBs de-
tected by BATSE, aligned the light–curves to the time of the the
brightest peak during individual bursts and normalized the peak–
aligned light–curves. However, their analysis missed the possible
corrections for the redshift on the energy and time.
In order to verify their results including the corrections for z, we

select a sample of Fermi long GRBs (T90 > 2 s) with redshift measure-
ment in the Fermi database. We find 100 bursts (from GRB080804
to GRB160629). We excluded 32 bursts having SNR lower than 31,
GRB 130427which saturated the Fermi/GBMdetectors andGRB120624
because the TTE data (necessary to produce high–resolution light–
curves) were only partially available due to the instrument slewing

1SNR was calculated as (S − B)/B̄0.5, where S is the signal and B the background.
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Figure 9.3: Peak time aligned signal for the three sectors identified within each
GRB. Different combinations of colors and line–styles refer to different sectors.

(Gruber et al., 2012, GCN #13377). For the 64 remaining bursts we
extracted the light–curves in the common [72, 800] keV rest frame
energy range2 with 256 ms temporal resolution, from the most illu-
minated NaI detector.
The light–curves are converted to rest frame times and resam-

pled on a common time grid. The resolution of the new time grid
has been chosen in order to faithfully reproduce the original light–
curves without losing any information on the time structure and va-
riability.
We applied the Average Peak Alignment (APA)method (?) divid-

ing light–curves in three equal parts (according to the rest frame T90
of each bursts). These are the sectors shown in Fig.9.3 with differ-
ent colors. The uncertainty on the pulse aligned signal (solid line in
Fig.9.3) is computed as the standard deviation of the signal in each
bin. Since secondary peaks are not aligned in time this results in a
large dispersion of the curve aside of the main (aligned) peak.
Following Ramirez-Ruiz and Fenimore (2000) we also analyzed

separately with the APA method GRBs with T90 > 20 s and GRBs
with T90 < 20 s. Even considering these subsamples, we find similar

2In this energy range NaI detectors have an almost constant response efficiency.

159



Chapter 9. Dissipation mechanism in GRBs

Figure 9.4: Average evolution of the normalized pulse width with time. The or-
ange solid line represents the linear fit and the yellow shadow the associated
uncertainty region. The blue line is the expected behavior assuming as emis-
sion mechanism external shocks happening at increasing distance. Top and
bottom panels show the results obtained using the pulses of B12 obtained from
the NaI and BGO BATSE light–curves respectively.

results to those shown in Fig.9.3.
By visual inspection of Fig. 9.3 we confirm, even accounting for

the energy and time redshift corrections, that there is no evolution
of the pulse width with time during the prompt emission phase of
GRBs. However, the pulse alignment method has some limitations:
it allows us to compare preferentially the main emission episodes
of different light–curves and it is rather less sensitive to the whole
emission (and weaker pulses) of the GRB. The wings of the profiles
in Fig.9.3 show the large uncertainties due to the great diversity of
temporal profiles.
In order to further support these results, we also compute the ave-

rage pulse duration evolution along the GRB. To this aim, we study
the average evolution of the normalized pulse width W/〈W〉 of ev-
ery single prompt pulse in B12 (purple squares and red diamonds
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Sector meanW/〈W〉 (NaI) meanW/〈W〉 (BGO)
1 0.89+0.57−0.80 0.68+0.66−0.58
2 0.96+0.64−0.77 0.91+0.24−0.73
3 0.97+0.68−0.80 0.81+0.15−0.69
4 0.75+1.12−0.58 1.46+2.70−1.20
5 1.34+0.98−1.04 1.36+1.26−1.15

Table 9.1: Mean values of the normalized width W/〈W〉 in each sector with as-
sociated superior and inferior estimated errors. Data refers to pulses coming
from NaI and BGO light–cuves.

in Fig.9.2). We divide each light–curve into five sectors, which are
fractions of the total GRB duration. For each sector we re–normalize
every single pulse to the average duration of all the pulses belong-
ing to the same GRB. So we averaged all the normalized pulses in
the same sector. Fig.9.4 shows the evolution with time of W/〈W〉
for the NaI and BGO pulses. Errors represent the 68% confidence
interval of the normalized pulse width.
We fitted, in the barycentre of the data points, a linear function

W/〈W〉 = mt+ q findingm = 0.1± 1.3, q = −0.06± 0.34 (χ2 = 0.24)
and m = 0.8± 1.3 , q = −0.04± 0.39 (χ2 = 0.15 ) for NaI and BGO
pulses, respectively. The fits and their uncertainty are shown by the
orange lines and yellow shaded regions in Fig.9.4. These results con-
firm that the pulse width remains constant with time. The average
values of W/〈W〉 of the five sectors and their errors are reported in
Tab.9.1.

9.2 Internal vs External Shocks scenario

The blue lines (normalized to the first data point) in Fig.9.4 show
how the pulse width should increase with time in the ES scenario
(see Eq.2.20 in Sec.2.5). The absence of correlation between the pulse
width and the peak time (shown by the correlation analysis pre-
sented in the previous section) and the almost constant average pulse
width along the GRB light–curves (as found in Fig.9.3) favours IS as
the leading mechanism for the origin of the dissipation associated
with the γ–ray emission of GRBs.
The linear increase of XRF duration with time (Fig.9.2) has been

interpreted as a signature of their origin from external shocks gener-
ated by the interaction of the blast wave with shell–like over–dense
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regions located at increasing distance from the central engine (see
alsoWang and Loeb, 2000; Lazzati et al., 2002; Heyl and Perna, 2003).
Chincarini et al. (2007) also discuss this mechanism considering the
global fireball deceleration which could produce the superposition
of flares with amonotonically decaying continuum emission (i.e. the
standard afterglow).
The relative position of PP and XRF in Fig.9.2 define a unique dis-

tribution. This motivates us to explore also the possibility that XRF
can have an internal origin. The IS scenario predicts a constant pulse
width and would apparently be disfavoured. However, for the IS
case we assumed that the shock is produced at a constant distance
from the central engine. If we relax this assumption, as we show be-
low, it is possible to explain also XRF through IS produced by shells
with different bulk velocities. Additionally, another property of XRF
which should be consistent with this interpretation is their energetic.
Early flares show a possible decreasing isotropic equivalent energy
as a function of their time of occurrence as pointed out by Margutti
et al. (2011). We have computed the isotropic equivalent energy of
XRFs as Eiso = 4πd2LS/(1 + z), where S is the fluence in the XRT
energy range. Fig.9.5 shows Eiso for XRFs with measured z as a func-
tion of the rest frame peak time trestpeak (different combination of colors
and symbols refer to different samples - see Fig.9.2).
Fig.9.5 shows that there is a trend: flares occurring later are less

energetic. We have investigated if this trend can be the result of
a decreasing efficiency of internal shocks. Suppose that two shells
are created at two different times, and have very similar velocities.
The smaller the velocity difference, the longer it takes for them to
collide, and the smaller the produced energy, because their relative
kinetic energy is small. In this case we do expect a trend: the flare
Eiso should decrease with tpeak. In order to born this out, we derive
how the energy, released during the flare, scales with the time of
occurrence of the flare.
The collision time tc (Eq.2.11 in Sec.2.4) has been calculated for

an observer at 90 degree with respect the direction of motion of the
shells. We need to calculate the time interval between the flare and
the trigger time.
Assume that the first γ–ray photon that triggers the instrument is

at Rc,p and time tc,p. Suppose also that the shells producing the flare
were ejected from the inner enginewith a delay time ∆Twith respect
to the shells that produced the prompt emission. Their collision oc-
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curs at a radius Rc,f and time tc,f (these parameters set the emission
radius and time of the first photon of the flare). The observer will
see the flare after a time (Rc,p + (∆T + tc,f − tc,p)c − Rc,f)/c respect
to the trigger of the first prompt photon. The peak time of the flare
tpeak is further increased of ∆t/2 (assuming a simple flare triangular
shape). The rest frame peak time is:

trestpeak ≃ Rc,p

c
− tc,p + ∆T +

∆R

c

1
αΓ − 1 (9.1)

To evaluate Rc,p and tc,p we assumed typical parameters for the
prompt emission: αΓ = 5, ∆R = 109 cm, Γ1 = 100. Such assumption
lead to Rc,p ≃ ctc,p so that the contribution of the first two terms can-
cels out. To evaluate the time of occurrence of flares trestpeak we allow
∆T, ∆R and αΓ to vary in the other two terms.
An upper limit on the isotropic energy Eiso released in form of

radiation during the flare can be derived applying the efficiency fac-
tor η (see Eq.2.16 in Sec.2.4) to an initial isotropic equivalent kinetic
energy Ekin (fixed at 1054 erg). Thus, knowing how the peak time
and the efficiency vary with respect to αΓ (fixing all other parame-
ters), we can find how the emitted energy changes with respect to
the time when the pulse occurs.
Fig.9.5 shows the curves obtained assuming ∆R = 3× 1010 (7×

1012) cm and ∆T = 30 (1000) s as the solid (dashed) red line. In-
terestingly, independently from the parameter choice, for relatively
small values of αΓ (in the limit of shells with slightly different bulk
Lorentz factors) the energy released in the flares scales as t−2. These
curves shows that for some particular combination of parameters,
it is possible to produce flares and also to consistently produce an
energy of the flares which decreases with the flare occurrence time.
The same scenario allows us to derive the width of the flares as a

function of their peak time. Summing Eq.2.17 and Eq.2.18 we obtain
the rest frame pulse duration:

∆trest ≃ 2∆R

c

αΓ

α2Γ − 1 (9.2)

This is shown in Fig.9.6: points show the data in the rest frame
(for XRFs with measured redshifts) and the curve is obtained as-
suming ∆R = 3× 1010 cm and ∆T = 30 s. We are able to justify the
increasing duration of the flares with time.
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Figure 9.5: Isotropic energy (computed in the XRT energy range) of XRF versus
their rest frame peak time. Different combinations of symbols and colors refer
to different samples collected from the literature. Orange points, green aster-
isks and cyan crosses are associated to X–ray Flares (only those ones having
measured redshift) from Yi et al.(2016), Bernardini et al.(2011) and Chincarini
et al.(2010), respectively. The solid (dashed) red line shows the behaviour of
the isotropic energy versus flare peak time predicted considering two shells
emitted with a delay ∆T with respect to the start of the prompt emission and
with a separation ∆R. These are free parameters, see the text for the values
adopted to obtain the curves shown here.

The leading dependence of the flare properties (temporal and en-
ergetic) is from αΓ. The smaller is αΓ (i.e. shells with only slightly
different bulk Lorentz factors) the larger is the flare duration and
its occurrence time and the smaller is the released energy. With this
simple model we do not aim to derive the parameters of the shells
which is out of the scopes of the present work. Our simple approach
considers only two shells encounters. It can explain the overall tem-
poral and energetic tendency of the majority of flares as a succession
of IS with decreasing values of αΓ. Allowing for some dispersion of
free parameters it might be possible to account for the dispersion of
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Figure 9.6: Rest frame duration versus occurrence time for XRFs. Different com-
binations of symbols and colors refer to different sources found in the litera-
ture for these parameters. Orange points, green asterisks and cyan crosses are
associated to X–ray Flares (only those ones having measured redshift) from Yi
et al.(2016), Bernardini et al.(2011) and Chincarini et al.(2010), respectively. The
red solid line shows the expected relation between the flare width and the time
of the flare in the IS shock model (see the text for the adopted set of parameter).

the XRF in Fig.9.5 and Fig.9.6. Very late flares could still be explained
choosing a particular set of parameters (maybe extreme values) so
it seems reasonable also to consider the possibility that their origin
may be different.

9.3 What is the origin of pulses in GRBs?

In the previous sections we considered the possible dependence of
the pulse width with time along GRBs combining prompt emission
pulses with X–ray flares. It is known that prompt emission pulses
do not show an increase of the pulse width with time (Ramirez-Ruiz
and Fenimore, 2000). XRF, instead, show a nearly linear increase of
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their width with time (Chincarini et al., 2010; Yi et al., 2016; Kocevski
et al., 2007). Fig.9.2 shows prompt emission pulses (from the sample
of B12) and XRFs (from the samples of C10, B11, Y16).
Internal shocks predict that the dissipation of energy between

shells coastingwith slightly different bulk Lorentz factor should pro-
duce random pulses with duration uncorrelated with their time of
occurrence. On the other hand, the flare width has been observed
to increase with time and considered so far a signature in favour
of an external origin. In this scenario, the production of flares oc-
curs in the interaction of a decelerating blast wave with ISM over–
densities located at increasing distance from the central engine. In
these two scenarios, what determines whether the pulse duration
increases with time or not is the dissipation at increasing radii (as in
external shocks) or at a constant distance (as in internal shocks).
We verified in Sec.9.1 with three different methods (Fig.9.2 - top

left inset, Fig.9.3 and Fig.9.4) and with two independent samples of
prompt emission pulses (pulses obtained by the deconvolution of
bright Fermi bursts - from B12 - and a sample of 100 GRBs with red-
shift whose light–curves were analyzed in this work) that prompt
emission pulses show no correlation between their duration and
their time of occurrence. Our results fully confirm those obtained
with the BATSE data by Ramirez-Ruiz and Fenimore (2000). Despite
the emission during the prompt phase is highly variable, it can be
described as the emission due to internal shocks occurring almost at
the same distance from the central engine.
XRFs exhibit an (almost linear) increase of their duration with

time. Moreover, their peak luminosity Lp anti–correlates with the
peak time tpeak: for early flares (tpeak < 1000 s, Chincarini et al., 2010;
Margutti et al., 2011) Lp ∝ t−2.7 and becomes shallower Lp ∝ t−1.7

for late flares (Bernardini et al., 2011). As a consequence, (as noted
by Margutti et al., 2011) the energy released during the flares should
scale as t−1.7 (t−0.7 for late time flares).
The origin of XRF has been debated in the literature. Tempo-

ral and spectral properties of XRFs lead different authors to ascribe
them to internal–like dissipation due to the late time activity of the
inner engine (Falcone et al., 2006, 2007; Lazzati and Perna, 2007;
Maxham and Zhang, 2009; Lazzati et al., 2011). Alternatively, XRFs
could be produced by external shocks with over–dense regions of
the ISM (e.g. Wang and Loeb, 2000; Lazzati et al., 2002; Heyl and
Perna, 2003) or by the long–lived reverse shock interacting with the
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tail of the ejecta (Hascoet et al., 2015).
Based on the distribution of prompt emission pulses and XRF in

the plane of Fig.9.2 we considered the possibility that also XRF are
produced by internal shocks between shells emitted with a certain
initial separation and a certain (even small) temporal delay with re-
spect the prompt shell. If these shells are characterized by small val-
ues of αΓ, the time of their encounter is delayed (and therefore the
shock development). Later flares last longer and are less efficient in
emitting radiation. These results, shown by the red model curves
in Fig.9.5 and Fig.9.6, are consistent with the distribution of data
in these planes. In this scenario the leading parameter is the rela-
tively low ratio between the shells’ Lorentz factors, parametrized by
αΓ. The asymptotic behaviour, for small αΓ, is approximately t−2 in
agreement with the E ∝ Lp∆t ∝ t−1.7 also marginally shown by the
early flares in Fig.9.5. This behavior also seems to explain the shape
of the left boundary of the distribution in the region populated by
XRF with low energies and peak time.
We showed that it is possible to explain the energetic and tem-

poral properties of X–ray flares as the result (under appropriate as-
sumptions) of classical internal shocks between fireball ejected dur-
ing the prompt emission phase. We do not require that the inner
engine is active until late times: late flares, characterized by smaller
energies, can be produced by relativistic shocks between fireballs
with Lorentz factor ratio αΓ very close to one. This result confirms
what has been previously found by Barraud et al. (2005) through
numerical simulations.
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CHAPTER10
Radiative mechanism in GRBs

The spectrum characterizing the prompt emission of GRBs is typ-
ically non–thermal. Within the standard model, synchrotron is the
leading radiationmechanism proposed to interpret and explain GRB
prompt emission (Meszaros and Rees, 1993a,b; Rees and Meszaros,
1994; Sari et al., 1996, 1998). This is the most natural mechanism in-
volving accelerated electrons into intense magnetic fields and it is
found to successfully interpret the afterglows emission (Paczynski
and Rhoads, 1993; Katz, 1994) and many other astrophysical phe-
nomena.
Despite many of the observed GRB spectra are consistent with

this interpretation (Tavani, 1996; Cohen et al., 1997), the synchro-
tron model encounters difficulties in explaining some cases that vi-
olate the so–called synchrotron line–of–death (Preece et al., 1998).
The standard synchrotron spectrum in the fast–cooling regime (see
Sec.2.6) is expected to have, below the νF(ν) peak, a power–law
photon spectral index −3/2. An harder spectrum could be reached
at lower energies with the limiting value −2/3 below the cooling
break frequency (Preece et al., 1998; Ghisellini et al., 2000). Despite
these theoretical limits a large fraction of GRBs seem to violate them
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However, the most extreme (in this case hardest) low energy

spectra and their evolution can be used to rule out or constrain

Another relevant aspect of GRB spectra is their possible

thermal character. In fact, the fireball model (Goodman 1986;

Paczynski 1986) naturally predicts thermal radiation when the

fireball becomes transparent. The lack of observational evi-

dence of thermal spectra motivated the proposal of the internal

aros 1994) in which the fireball en-

ciently extracted and transformed into radia-

tion with a non-thermal spectrum as observed in most bursts.

Nonetheless, evidence for possible thermal spectra in some

GRBs has been reported by Preece (2001) for GRB 970111

and Schaefer et al. (poster P-56 presented at the Rome 1998

Whorkshop on GRBs, private communication). Furthermore

Blinnikov et al. (1999) propose that also the spectra observed

in most GRBs could be interpreted as superposition of black
Fig. 1. Low energy spectral index distribution from Ghirlanda et al.

Figure 10.1: Low energy spectral index distribution from Ghirlanda et al. (2002).
The Synchrotron violating region is bounded by the death line α = −2/3 and
the acceptable region is bounded by the α = −3/2 line (dashed). The triangles
represent the maximum values found from the spectral analysis of the bursts
presented in this work along with their 90% confidence interval (horizontal
bars). The gray histogram shows the distribution of the low energy spectral
index found from the time resolved spectral analysis of the thermal bursts pre-
sented in Ghirlanda et al. (2003).

(Preece et al. 1998; Ghirlanda et al. 2003, 2002; Kaneko et al. 2006;
Nava et al. 2011; Goldstein et al. 2012; Lien et al. 2016 – see Fig.10.1),
having on average spectral indexes ∼ −1 or even harder than −2/3
in some cases.
There are many solutions proposed in the literature that inter-

pret the observed hard spectra of GRB prompt emission adopting
anyway the synchrotron. It is possible to reproduce the observed
hard spectra through a fine tuning of the parameters characterizing
the distribution of the emitting electrons, the magnetic field and the
ambient medium. One possibility is that the magnetic field decays
on a timescale which is shorter than dynamical timescale not allow-
ing electrons to cool efficiently (Pe’er and Zhang, 2006; Zhao et al.,
2014b,a). Alternatively an highly anisotropic magnetic fields (Med-
vedev, 2000) combinedwith a synchrotron self–absorption frequency
in the X–ray range (Lloyd and Petrosian, 2000) can explain hard low–
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energy spectra with photon indexes that can be as hard as α ∼ 0.
When the energy density of the photons is larger than in the mag-
netic field, the inverse Compton scattering in Klein–Nishina regime
can reduce the amount of lower energy photons making the ob-
served spectra harder than expected in a synchrotron scenario (Deri-
shev et al., 2001; Nakar et al., 2009; Daigne et al., 2011). Another pos-
sible solution to the inconsistency between the expected and mea-
sured photon index is to consider a marginally fast–cooling regime
in which the cooling frequency of electrons νc is close to the typical
synchrotron frequency νm, i.e. with νc  νm rather than νc ≪ νm
as in the normal fast–cooling (as proposed by Daigne et al., 2011;
Beniamini and Piran, 2013).
Unfortunately, all these modifications of the standard synchro-

tronmodel are almost indistinguishable by observations, since tuned
physical properties are required, making the origin of prompt emis-
sion still debated. Although the synchrotron model continues to be
the main paradigm, some other alternative radiation mechanisms
have been proposed to interpret GRB prompt emission. The most
natural extension to this model is given by considering the Inverse
Compton scattering (see Sec.2.7). Then, the GRB prompt emission
could be due to synchrotron self–inverse–Compton (SSIC) emission
(Panaitescu and Mészáros, 2000), with the caveat that the typical
synchrotron emission frequency has to bemuch below theMeV band.
Another important emission, naturally predicted within the stan-

dard fireball scenario, is the thermal one. Such thermal emission is
predicted when the relativistically expanding fireball releases the in-
ternal photons at the transparency radius (e.g. Goodman, 1986; Pa-
czynski, 1986; Daigne and Mochkovitch, 1998). Nevertheless, the
GRBs spectrum is found to be consistent with a black body spec-
trum only in rare cases (Ghirlanda et al., 2003; Bosnjak et al., 2006;
Ryde, 2004) and the majority of GRBs present a non–thermal spec-
trum. The few GRBs exhibiting BB spectrum represent a fundamen-
tal tool to investigate the origin of the thermal component, its evo-
lution and the basic properties of the relativistic outflow. The de-
tection of a BB spectrum in GRBs allows us to estimate (Pe’er et al.,
2007) fundamental parameters of the fireball like the transparency
radius RT, the bulk Lorentz factor ΓT at transparency and the ra-
dius at the base of the relativistic flow R0 where the acceleration
began (see. Sec.2.3). Clearly, when only the thermal component is
observed these estimates depend on a lower number of free param-
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eters (since no modeling of the non–thermal component is required
in these cases). Interestingly, it should be explained why in this
kind of bursts the non–thermal emission (typically ascribed to syn-
chrotron/inverse Compton emission at internal shocks) is absent:
either it could be highly inefficient or there should be a mechanism
suppressing this process.

The analysis and study of the prompt (and also of the afterglow)
emission in GRBs is required for a complete understanding of their
central engine, the nature and properties of the outflow (magnetic or
matter dominated) and emission processes. The Fermi satellite has
shown the presence of long–lasting emission extending up to the
GeV energy range (e.g. Abdo et al., 2009b; Ackermann et al., 2010;
Ghirlanda et al., 2010; Ghisellini et al., 2010a; Ackermann et al., 2013)
and a sometimes complex coexistence of thermal and non–thermal
components during the prompt phase observed between 8 keV and
a few MeV (Guiriec et al., 2011, 2013; Burgess et al., 2014). The Swift
satellite has been enriching the observational picture of the prompt
and afterglow emission either directly, by systematic monitoring of
the X–ray [0.3− 10] keV light–curve on average from a few tens of
seconds to months after the trigger (see e.g. Gehrels et al., 2009),
or indirectly, by triggering ground based follow up programs/te-
lescopes in the optical band.

Either statistical studies of well–defined GRB samples (Salvaterra
et al., 2012; Hjorth et al., 2012; Perley et al., 2016a) or single–event
modeling like GRB130427A (Maselli et al., 2014; Vestrand et al., 2014;
van der Horst et al., 2014; Perley et al., 2014; Bernardini et al., 2014;
Ackermann et al., 2014; Panaitescu et al., 2013; Kouveliotou et al.,
2013; Laskar et al., 2013) seem to be the best approaches to com-
pare theory and observations. However, the latter case is possible
only in a handful of bursts and still the wealth of information (as for
GRB130427A) does not completely break some parameters degen-
eracy. Nevertheless, it is still important to study in detail any new
single event which presents peculiar properties of either the prompt
and/or afterglow emission, especially if with good data quality and
coverage.

In the following sections I will present two interesting cases, GRB
151027A (see Sec.10.1) and GRB 160625B (see Sec.10.2) that I ana-
lyzed during my PhD.
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10.1 GRB 151027A: some like it thermal

GRB151027A, the 999th burst detected by the Swift satellite, is a long
bright event lasting about 130 s whichwas followed in the X–ray and
in the optical and radio bands until five months after the prompt
emission. The event presents unique properties in the prompt emis-
sion due to the presence of a bright flare (see e.g. Burrows et al.,
2005b; Chincarini et al., 2010; Margutti et al., 2010; Bernardini et al.,
2011), which has been observed from 0.3 keV to>MeV (by Swift/XRT
and Swift/BAT and by Fermi/GBM).
In Nappo et al. (2017) we presented a multi–wavelength study of

this particular burst. In the following I will describe in detail the
prompt spectral analysis which I have lead whithin this work. The
multi–wavelength light–curve from 500 s to 140 days can be mod-
elled through a standard forward shock afterglow, but it requires an
additional emission component to reproduce the early X-ray and op-
tical emission. We presented and analyzed optical observations per-
formed with the Telescopio Nazionale Galileo (TNG) and the Large
Binocular Telescope (LBT) 19.6, 33.9, and 92.3 days after the trig-
ger which show a bump with respect to a standard afterglow flux
decay and are interpreted as possibly due to the underlying super-
nova and host galaxy (at a level of ∼ 0.4 µJy in the optical R band,
RAB ∼ 25). Radio observations, performed with the Sardinia Radio
Telescope (SRT) andMedicina in single–dish mode and with the Eu-
ropean Very Long Baseline Interferometer (VLBI) Network and the
Very Long Baseline Array (VLBA), between day 4 and 140 suggest
that the burst exploded in an environment characterized by a den-
sity profile scaling with the distance from the source (wind profile).

10.1.1 Observational data

In this sub–section I will describe the data reduction and analysis of
the prompt emission of GRB 151027A and the main results.

γ–ray and X–ray data GRB151027A (Maselli et al., 2015, GCN #18478)
was detected and located at 03:58:24 UT by the Swift Burst Alert Tele-
scope (BAT; Barthelmy et al., 2005). The Swift X–ray Telescope (XRT;
Burrows et al., 2005a) and the Ultra Violet Optical Telescope (UVOT;
Roming et al., 2005) started acquiring data 87 s and 95 s post trigger,
respectively, and detected a bright X–ray and optical transient. The
prompt XRT light–curve (limited to the first 200 s since the trigger)
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is shown in Fig.10.2 (blue line). The [15− 350] keV energy band BAT
light–curve has a duration of T90 = 130± 6 s (Palmer et al., 2015,
GCN #18496) with two main emission episodes (the first composed
of two peaks) separated by a quiescent phase of ∼ 80 s (see Fig.10.2
– red line). The [15 − 150] keV band peak flux (corresponding to
the first peak at 0.2 s) is 6.8 ± 0.6 ph cm−2 s−1 and the fluence is
(7.8± 0.2)× 10−6 erg cm−2.
The burst was also detected by the Gamma Burst Monitor (GBM;

Meegan et al., 2009) on board the Fermi satellite (Toelge et al., 2015,
GCN #18492) and by Konus/Wind (Golenetskii et al., 2015, GCN
#18516). The Swift/BAT, Fermi/GBM (red and green line in the mid-
dle panel of Fig.10.2, respectively), and Konus/Wind light–curves
show similar temporal properties. The wide energy ranges of the
GBM ([8 keV −1 MeV]) and Konus/Wind ([20 keV −5 MeV]) show
that the time–averaged spectrum is best fit by a cutoff power–law
model with low energy spectral index α = 1.41± 0.04 and Epeak =
340 ± 63 keV (GBM; Toelge et al., 2015, GCN #18492) or Epeak =

173+135−46 (Konus/Wind; Golenetskii et al., 2015, GCN #18516). The
GRB fluence in the [10 keV −1 MeV] energy range, as measured by
the GBM spectrum, is (1.94± 0.09)× 10−5 erg cm−2 and the photon
peak flux is 11.37± 0.34 ph cm−2 s−1 .
The redshift z = 0.81 was measured through the MgII doublet

in absorption from the Keck/HIRES spectrum (Perley et al., 2015a,
GCN #18487). The isotropic equivalent energy of the burst inferred
from GBM spectral data analysis in Toelge et al. (2015, GCN #18492)
is Eγ,iso = 3.98× 1052 erg.

Fermi/GBM data extraction We selected and downloaded from the of-
ficial Fermi website (http://fermi.gsfc.nasa.gov/) the GBM
CSPEC data (having 1.024 s time resolution) of the brightest detec-
tors: NaI #0, NaI #3, and BGO#0. Data filtering, background spec-
trum extraction, and timeslice selectionwas performedwith the soft-
ware RMFIT v.4.3.2 using standard procedures (see e.g. Gruber et al.,
2014; Nava et al., 2011). Channels with energy ∈ [10, 800] keV and
∈ [300, 2000] keV were considered for the NaI and BGO detectors,
respectively. GBM spectra and background files were exported to
XSPEC (v12.7.1) format (see Arnaud, 1996) in order to fit them jointly
with Swift/BAT and XRT data. Details on the spectral analysis and
models adopted are given in sub–sec.10.1.2.
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Swift/BAT and XRT data extraction We extracted and reduced the Swift/BAT
spectra and light–curve1with the Swift software included in theHEA-
Soft package (ver.6.17), using standard procedures. We also retrieved2

the Swift/XRT count rate light–curve (Fig.10.2 – blue line). In order
to correct for the extinction we used intrinsic NH = 4.4× 1021 cm−2

inferred from late time XRT spectra and galactic NH,gal = 3.7× 1020
cm−2. XRT spectra3 were corrected for pile–up following the proce-
dure in Romano et al. (2006). Windowed Timing mode (WT) counts
below 0.5 keVwere excluded owing to the abnormal photon redistri-
bution. Count spectra were rebinned requiring a minimum of 20–30
counts per bin.

XMM–Newton data XMM–Newton started observing GRB151027A on
2015 October 28 at 01:19:34.00 UT (21.3 h after the burst). The ob-
servation lasted for 51.5 ks without interruption. Data reduction
was performed with the XMM–Newton Science Analysis Software
(SAS) version xmmsas_20131209_1901-13.0.0 and the latest calibra-
tion files. Data were first locally reprocessed with epproc, emproc,
and rgsproc. The RGS data contained too few photons and were
not considered any further. MOS and pn data were searched for
high–background intervals, and none were found. EPIC data were
grade filtered using pattern 0–12 (0–4) forMOS (pn) data, and FLAG==0
and #XMMEA_EM(P) options. The pn and MOS events were ex-
tracted from a circular region of 870 pixels centered on source. Back-
ground events were extracted from similar regions close to the source
and free of sources. MOS and pn data were rebinned to have 20
counts per energy bin. MOS data were summed and fitted within
the [0.3− 10] keV range, pn data within the [0.2− 10] keV range.

10.1.2 Prompt emission analysis and results

• First and second peak
During the first two peaks of the light–curve, corresponding to
the time interval ∼ 0− 24 s, we extracted three spectra: #1 and
#2 corresponding respectively to the rise and decay phase of
the first peak and #3 for the entire duration of the second (dim-

1downloaded from Swift data archive: http://heasarc.gsfc.nasa.gov/cgi-bin/

W3Browse/swift.pl
2from the Swift Science Data Center at the University of Leicester website: http://www.swift.

ac.uk/xrt_curves/ – Evans et al. (2009)
3retrieved from the archive of the Swift/XRT website: http://www.swift.ac.uk/archive/
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Figure 10.2: GRB151027A rate light curve (middle panel). The Fermi/GBM NaI(0)
data ([8 keV −1 MeV]) are shown by the green line. The Swift/BAT ([15− 150]
keV) light–curve is shown by the red line. The rescaled Swift/XRT ([0.3− 10]
keV) light–curve is shown by the blue line. Vertical dashed lines represent the
start and stop times of the intervals selected for the spectral analysis. Top panels:
νF(ν) spectra of the rise (left, #1) and decay (middle, #2) phase of the first peak
and of the second peak (right, #3), corresponding to the first three hatched
regions in the middle panel. Green and red symbols show the GBM and BAT
data, respectively, and the solid line is the best fit model (see Tab.10.1). Bottom
panels: νF(ν) spectra of the third peak corresponding to the shaded regions of
the light–curve (middle panel, #4–#7). The blue symbols show the XRT spectra.
The two model components (cutoff power–law and blackbody) are shown by
the dashed lines and their sum by the solid line.
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mer) peak (referring to the labeled regions in the middle panel of
Fig.10.2). We jointly fit the Fermi/GBM (NaI and BGO) and the
Swift/BAT spectra with a cutoff power–lawmodel (CPL) with a
free normalization constant between Fermi and Swift. Start and
stop times and the best fit parameters (with 68% confidence er-
rors) and the χ2(d.o.f.) are given in Tab.10.1. Spectrum #3 can
be fitted only with a simple power–law model (i.e. the Epeak
of the cutoff power–law model is unconstrained). These three
spectra are shown in the top panels of Fig.10.2 where the data
(green and red for the GBM and BAT, respectively) and the best
fit model (solid black line) are shown.

• Third peak: evidence of a thermal component
The third peak of the light–curve was observed by BAT and
GBM above 10 keV and simultaneously by XRT in the [0.5− 10]
keV energy range. The light–curves (seemiddle panel of Fig.10.2)
show that the XRT peak is delayedwith respect to that observed
by BAT and GBM. This peak has been divided in four time in-
tervals (from 90 s to 130 s after the trigger) where the data from
three instruments overlap, and over which we jointly fitted the
spectra. This allows us to perform a time–resolved spectral
analysis over a wide energy range, namely from 0.5 keV to a
few MeV. Spectra have been fit with a CPL model.

Since the data extend down to 0.5 keV, it is necessary to take into
account the galactic and intrinsic absorption. The Tuebingen–
Boulder ISM absorption model (Wilms et al., 2000) encoded in
the tbabs and ztbabs models of XSPEC (Arnaud, 1996) is
used. We assume the galactic absorption NH,gal = 3.7 × 1020
cm−2 and keep it fixed, and we also allow for an intrinsic (at
z = 0.81) absorption. Also in this case we allow a free nor-
malization constant between the Swift/BAT spectrum and the
Fermi/GBM (NaI plus BGO) spectra. In all the fits we find that
this constant is within a factor of 2 and is consistent with 1.0.

If the intrinsic NH is treated as a free parameter, we find that it
varies dramatically (by more than one order of magnitude) de-
scribing a peak over a 30 s timescale coincident with the flare.
We interpret this nonphysical feature as being indicative of the
possible presence of an additional component during the flare.
We therefore fixed the intrinsic NH = 0.44× 1022 cm−2 which
is the value found by fitting the XRT spectra at very late times
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(i.e. > 5 days – compatible with the NH accurately estimated
from XMM–Newton data analysis). The fit with the CPL model
is unacceptable since the fitted spectra and their residuals show
a systematic deviation from the model in the XRT [0.5− 10] keV
energy range. We therefore tried to model this excess by adding
the simplest two–parameter thermal black body (BB) compo-
nent. We refitted the data and compared the new fit (i.e. ab-
sorbed cutoff power–law plus blackbody – CPL+BB) with the
old one (i.e. absorbed CPL) through an F–test. We find that
there is statistically significant evidence for the presence of a
thermal black body component in all of the four spectra describ-
ing the third emission episode of GRB151027A. The probability
associated to the F–test (representing the probability that the fit
is not significantly improved by the additional BB component)
is given in Tab.10.1, along with the spectral parameters of the
CPL+BB fit. The four spectra are shown in the bottom panels
of Fig.10.2.

The addition of the BB component to the CPL is the minimal as-
sumption that can produce a curvature of the spectrum which
adapts to the data points. However, we also verified whether
the systematic deviation of the data from a simple CPL could
also be accommodated by a second CPL. In order to have a sim-
ilar number of free parameters of the BB, in this case we fixed
the second CPL low energy photon index to the value predicted
for single electron synchrotron emission, i.e. 2/3. In spectra #3
and #4, when the peaked component is less dominant, the fits
performed using CPL+CPL or CPL+BB are statistically equiv-
alent. Afterwards, when the component at low energies rep-
resents a considerable fraction of the total flux, the CPL+BB
model is statistically preferable. The evolution of the spectral
parameters is shown in Tab.10.1 and Fig.10.3.

• Third peak: X–ray emission in the interval 130–200 s
After 130 s, there is no more sufficient signal in GBM and BAT
data and thus they cannot be used for the spectral analysis.
Then, we analyzed seven XRT spectra (corresponding to re-
gions 8-14 in the middle panel of Fig.10.2) corresponding to the
time interval [130− 200] s and fit with an absorbed power–law
(PL) or an absorbed power–law plus a black body component
(PL+BB). Given the limited energy range [0.5− 10] keVwe can-
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10.1. GRB 151027A: some like it thermal

Figure 10.3: Spectral evolution of GRB151027A parameters through the entire
burst duration. Panel a) shows the temporal evolution of the non–thermal
component spectral index. Panel b) shows the evolution of the peak energy
when the non–thermal component is described by a CPL. Panel c) shows the
BB temperature evolution. The last panel d) shows the comparison between
the fluxes, integrated in the [0.3− 10] keV energy range, associated with the
thermal (squares) and non–thermal component (points). The color codes of the
different symbols corresponds to the spectral data sets (the same color coding)
shown in Fig.10.2.
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Dataa # startb stopb Modelc Γ Epeak Ad kT ABB χ2(dof) PF−testCPL−CPLBB

s s keV ph cm−2 s−1 keV ph cm−2 s−1

B+G 1 -0.256 1.792 CPL 0.92+0.08−0.08 207+29−23 2.93+0.84−0.68 - - 164(244) -
... 2 1.792 6.912 CPL 1.29+0.15−0.13 69+16−6 6.09+2.84−1.38 - - 192(272) -
... 3 17.152 23.296 PL 1.82+0.08−0.08 - 9.43+3.26−2.43 - - 168(286) -

X+B+G 4 90 100 CPL+BB 1.26+0.04−0.05 218+103−59 0.71+0.09−0.10 1.23+0.33−0.19 0.041+0.009−0.008 211(256) 3.8×10−7
... 5 100 110 CPL+BB 1.06+0.02−0.02 316+51−41 0.89+0.06−0.06 3.02+0.21−0.20 0.17+0.02−0.02 279(301) 8.0×10−13
... 6 110 120 CPL+BB 1.18+0.02−0.03 209+27−22 2.08+0.16−0.16 2.01+0.07−0.08 0.55+0.05−0.04 257(296) 6.3×10−35
... 7 120 130 CPL+BB 1.50+0.05−0.06 76+22−14 2.71+0.37−0.37 1.12+0.07−0.06 0.51+0.03−0.03 284(293) 8.7×10−45

X 8 130 140 BB - - - 0.63+0.02−0.02 0.25+0.01−0.01 39(34) -
... 9 140 150 PL+BB 1.53+0.27−0.38 - 1.19+0.40−0.47 0.43+0.04−0.03 0.087+0.015−0.013 30(26) 2.3×10−6
... 10 150 160 PL+BB 2.07+0.19−0.23 - 0.86+0.18−0.21 0.37+0.03−0.03 0.037+0.006−0.005 36(46) 4.6×10−10
... 11 160 170 PL 2.53+0.06−0.06 - 1.19+0.04−0.04 - - 53(45) (0.02)e

... 12 170 180 PL 2.45+0.07−0.06 - 1.01+0.04−0.04 - - 50(40) (0.01)e

... 13 180 190 PL 2.65+0.09−0.08 - 0.76+0.09−0.03 - - 16(30) -

... 14 190 200 PL 2.51+0.10−0.10 - 0.57+0.03−0.03 - - 25(22) -

XMM 7.8×105 1.3×106 PL+BB 2.09+0.03−0.04 - 3.8+0.1−0.2 × 10−4 0.11+0.03−0.02 3.1+2.0−1.1 × 10−6 398(345) 5.8×10−7

Table 10.1: Prompt emission time resolved spectral analysis. aSpectral data used in the fit: B=Swift/BAT, G=Fermi/GBM and
X=Swift/XRT. bTimes refer to the trigger time of the burst. cModels adopted in the fit: CPL=power–law with exponential
cutoff, PL=power–law, BB=black body; galactic (NH,gal=3.7×1020 cm−2) and intrinsic (NH = 4.4× 1021 cm−2) absorption
is present in all models (using Tuebingen–Boulder ISM absorption model, Wilms et al. 2000). dSpectral normalization is
computed at 1 keV. eIn this case the addition of a BB component is not statistically significant, as suggested by the value of
the null hypothesis probability associated with the F–test. The horizontal lines correspond to the differently shaded regions
in Fig.10.2.
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10.1. GRB 151027A: some like it thermal

not determine the peak of a possible cutoff power–law model.
For each spectrum the statistical significance of the addition of
the thermal component has been estimated through the F-test.
For spectrum #8 the best fit is obtained with a pure BB model
since the addition of a power law component does not constrain
the power–law fit parameters. In the following spectra the best
fit model is PL+BB, in which the thermal component remains
statistically significant up to 160 s. After that, the spectrum is
best fitted by a single PL component. The evolution of the spec-
tral parameters is shown in Tab.10.1 and Fig.10.3.

Figure 10.4: Comparison between the optical R band detection at 126 s (red
square, Pozanenko et al., 2015, GCN #18635) and the fit of the composite XRT–
BAT–GBM spectrum (red solid line). The grey shaded area represents the 1σ
scatter from the best fit.

The results of the BAT–GBM–XRT joint spectral fits were com-
pared with the optical R band detection at 126 s (Pozanenko
et al., 2015, GCN #18635). An intriguing fact is that the optical
detection is compatible with the low energy extrapolation of
the model (Fig.10.4). This result suggests that the early optical
emission could be produced by the same mechanism responsi-
ble for the high energy emission and therefore it should not be
interpreted as standard afterglow.
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• XMM–Newton late spectrum
The XMM–Newton late time spectral analysis was performed in
order to obtain a more accurate estimate of intrinsic NH. We
initially performed the fit using a PL model with free intrin-
sic absorption. From the residual, we noticed that a peaked
component should be added to improve the fit. For this reason
we refit the spectrum using a PL+BB model with free absorp-
tion. The XMM–Newton spectrum showed a still statistical sig-
nificant thermal component that contributes to only ∼ 8% of
the [0.3 − 10] keV flux. The BB temperature was lower than
the one obtained from XRT spectrum #10 (the last time inter-
val where BB was detected). All the fit parameters are listed in
Tab.10.1. From the XMM–Newton spectrum we obtained NH =
(0.42± 0.05)× 1022 cm−2 (in agreement within errors with the
value obtained by the late time XRT spectrum).

10.1.3 Understanding the thermal component: a reborn fireball

The prompt light curve of GRB151027A shows three isolated emis-
sion peaks. The first two peaks have a standard behavior with non–
thermal spectra both characterized by a hard to soft evolution. The
third peak shows a statistically significant BB component at low en-
ergies superimposed to a cutoff power–law.
Evidence of a thermal emission has also been found in other GRB

spectra. Typically it has been detected in the early phases of the
prompt emission (Class–II; Ghirlanda et al., 2003) or it can even be
present throughout the entire burst duration (Class–I; Ryde, 2004;
Bosnjak et al., 2006; Ghirlanda et al., 2013b). In some cases it has also
been detected in X-ray flares (Peng et al., 2014). Furthermore, Star-
ling et al. (2012) and Sparre and Starling (2012) have presented sys-
tematic research of thermal signatures in X–ray emission. Accord-
ing to the classification made in Ghirlanda et al. (2013b, see Sec.1.2),
GRB 151027A belongs to Class–III of the thermal bursts because the
thermal and non–thermal components coexist during the third episode.
The X–ray flare of GRB151027A has a very luminous thermal

component (∼ 1050 erg/s near the peak) characterized by a low tem-
perature (kT ∼ 1 keV, a factor of ∼ 10 lower than the typical tem-
perature observed in GRB prompt emission, e.g. Ryde 2004). The si-
multaneous evolution of the luminosities corresponding to the ther-
mal (calculated in the [0.3− 10] keV energy range) and non–thermal
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10.1. GRB 151027A: some like it thermal

components (calculated in the [0.3− 1000] energy range) is shown in
Fig.10.5. Fig.10.5 shows that the thermal luminosity peaks later than
the non–thermal component and, at its maximum, it contributes pri-
marily to the total luminosity in the [0.3 − 10] keV and to 35% of
the [0.3− 1000] keV luminosity. In addition, the thermal component
is still detected in the XMM–Newton late time spectrum with a lu-
minosity ∼ 5× 1044 erg/s, corresponding to ∼ 8% of the [0.3− 10]
keV emission. In the following, we discuss the possible origin of this
black body emission.
The observed black body emission is very bright thus the hy-

pothesis that it may be due to a Ib/c SN shock breakout has to be
excluded. In fact, the X–ray luminosity of such emission is typi-
cally ∼ 1045 erg/s (see e.g. Matzner and McKee, 1999; Campana
et al., 2006; Ghisellini et al., 2007b), which is much lower than the
BB luminosity (∼ 1050 erg/s) observed at the peak of the flare in
GRB151027A. Piro et al. (2014) proposed a model based on the emis-
sion of a hot plasma cocoon (based on Pe’er et al., 2006b) to ex-
plain the long–lasting thermal emission observed in the ultra–long
GRB130925A. Starling et al. (2012) also used the cocoon expansion
to explain the presence of thermal emission in X–ray spectra of GRB
associated with a SN explosion. Even these models cannot be ap-
plied to our case because of the brightness of the thermal compo-
nent during the flare which is much larger than the expected ∼ 1047

erg/s.
However, we do not need to invoke sophisticated model in or-

der to explain the thermal emission: it is, indeed, naturally pre-
dicted within the standard fireball scenario, when the relativisti-
cally expanding fireball releases the internal photons at the trans-
parency radius (e.g. Goodman, 1986; Paczynski, 1986; Daigne and
Mochkovitch, 2002). Owing to the initial huge opacity of the fire-
ball (optical depth τγγ ≫ 1), photons can reach the thermodynamic
equilibrium and are characterized by a BB spectrum (see Chp.??).
Using the observables associated with the BB spectrum, i.e. the

temperature kTBB and the flux FBB, we can estimate the fundamen-
tal parameters of the fireball making a simple assumption on the
trasparency occurring time (see Sec.2.3):

(i) It might happen when, owing to the high internal pressure the
fireball is converting its internal energy to bulk motion energy,
i.e. during the acceleration phase. In this case, it is possible
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Chapter 10. Radiative mechanism in GRBs

Figure 10.5: Top panel: [0.3− 1000] keV luminosity as a function of rest frame time
divided into thermal (red squares) and non–thermal component (black circles).
Upper limits to the non–thermal luminosity are shown when the peak energy
of the cutoff power–law component is not constrained. Bottom panel: same as
the top, but for luminosity in the range [0.3− 10] keV.
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10.1. GRB 151027A: some like it thermal

to estimate the distance from the central engine R0, where the
fireball is created, assuming an initial bulk Lorentz factor Γ0 =
1. We obtain R0 ∼ 1011−12 cm.

(ii) It might happen during the coasting phase. The internal pres-
sure is no longer sufficient to accelerate the fireball that pro-
ceeds with constant bulk Lorentz factor. In this case we can ob-
tain the parameters at the transparency RT, ΓT, and R0 as well.
Differently from the previous case, these values are not un-
equivocally determined because they depend on the black body
radiative efficiency ηBB. As for GRB100507, analyzed in Ghir-
landa et al. (2013b), we use a radiative efficiency related to the
thermal component of about ηBB ∼ 10−2, since the black body
flux varies from 5% up to∼ 50% of the non–thermal flux. Then,
we find RT = 1013−14 cm, ΓT ∼ 60, and R0 ∼ 109−10 cm.

In both cases the value of R0 is much higher than expected one,
i.e. R0 ∼ 107 cm (for a compact object of 5− 10M⊙, see Sec.2.2). In
case (ii), the value we should use for ηBB in order to get R0 ∼ 107 cm
is∼ 10−4. Such a low radiative efficiency would imply an enormous
amount of kinetic energy implying a very energetic afterglow that is
in contrast with what we observe. Another possible explanation of
the significant thermal emission of GRB151027A is given by the so–
called reborn fireball model (Ghisellini et al., 2007a). In this scenario
the thermal emission is produced by plasma heated in the collision
between the relativistic ejecta and the surrounding material released
by the progenitor star during its final evolutionary stages.
If the optical depth after collision is large, a re–acceleration to rel-

ativistic speed due to the dissipated internal energy can take place.
This process allows the creation of a reborn fireball with a larger ini-
tial radius R0 ∼ 1011 cm consistent with the large values inferred
for GRB151027A. Ghisellini et al. (2007a) assume the target material
to be at rest with respect to the central engine. Nevertheless, in our
case the relativistic shells that produced the first two prompt emis-
sion peaks should have interacted with such material before. For
this reason, we can conclude that the optically thick target material
was not there when the first prompt photons were emitted.
A possible alternative is to assume the GRB central engine as re-

sponsible for the production of the target material. At the begin-
ning, shells that produce the initial part of the prompt emission are
ejected. Then a denser and slower shell is ejected, which does not
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emit radiation since it is optically thick. After a quiescent period a
quicker shell is ejected and it reaches the slower one. In this sce-
nario the reborn fireball is actually like an internal shock between a
thick, mildly relativistic, massive shell with a faster shell. The col-
lision dissipates energy with non–negligible efficiency since the rel-
ative Lorentz factor of the dense/thick and fast shell can be large.
The photons produced cannot escape because of the large opacity
so that the internal thermal energy can be used to re–accelerate the
shell. Beyond the photospheric radius the shell emits the black body
radiation produced by the reprocessing of the trapped photons and
a non–thermal component. The decreasing emission of the flare is
then due to the quenching of the radiation of the shell and to the off
latitude emission.

10.2 GRB 160625B: consistency with synchrotron emission

GRB160625B is an exceptionally bright burst (Liso ∼ 2× 1053 erg/s,
Eiso ∼ 5 × 1054 erg. – Svinkin et al. 2016 – GCN #19604) recently
detected by the Gamma–ray Burst Monitor (GBM – Burns 2016 –
GCN #19581) and the Large Area Telescope (LAT – Dirirsa et al. 2016
– GCN #19580) on board of the Fermi satellite. GRB 160625B is the
third Fermi burst in order of fluence (S = 5.7 × 10−4 erg cm−2 in
the [10–1000] keV energy range, according to the GBM catalog) and
its redshift is z = 1.406 (Xu et al. 2016 – GCN #19600). Its prompt
emission is composed by a precursor lasting∼ 0.8 s and anticipating
of about ∼ 180 s the two main events of duration ∼ 35 s and ∼ 210
s, respectively (see. Fig.10.6).
This burst has been extensively studied in the literature thanks to

its extremely high photon statistic (Zhang et al., 2016; Wang et al.,
2017; Lü et al., 2017) and the rich data sets covering its afterglow
emission (Troja et al., 2017; Alexander et al., 2017). Zhang et al. (2016)
claims, on the basis of the time–resolved spectral analysis, the pres-
ence of two different spectral components. They fitted the spectrum
of the precursor using a BB while the main emission episode is well
described by a non–thermal component. They interpreted the BB
as photospheric emission and the transition to a non–thermal com-
ponent as caused by the transition from a matter dominated to a
magnetically dominated jet. Wang et al. (2017) also included LAT
low–energy data (LLE) and adopted a mixed model, i.e. a composi-
tion of a Band function (Band et al., 1993) with a high energy cutoff
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10.2. GRB 160625B: consistency with synchrotron emission

Figure 10.6: Background subtracted light–curve of GRB160625B detected by dif-
ferent instruments on board of Fermi: GBM NaI (8 keV – 900 keV, top panel)
BGO (350 keV – 40 MeV, mid panel) detectors and LAT Low Energy events
(LLE, 40 MeV – 100 MeV, bottom panel)

and a black body component. A similar two–component model, but
using a multi–color BB, is adopted by Lü et al. (2017). What appears
common in these modeling is the presence, at different times (Zhang
et al., 2016) or simultaneously (Wang et al., 2017; Lü et al., 2017), of
a thermal BB and a non–thermal component.
Recently, Oganesyan et al. (2017) performed a systematic study of

the prompt emission of 14 GRBs observed with the BAT [15− 150]
keV and the XRT [0.3− 10] keV on board the Swift satellite. Extend-
ing the spectral analysis down to soft X–rays band allowed them to
show the existence of a break in the spectrum at low energies (such
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feature is required with high statistical significance in 67% of cases).
The time–resolved XRT+BAT joint spectral analysis showed that the
spectrum typically hardens below a break energy Ebreak of few keV
while it shows the standard peak energy Epeak ∼ 120 keV (in νF(ν)
representation). The typical ratio is Epeak/Ebreak ∼ 30. The pho-
ton index α1 below the peak has a distribution peaked around –0.67,
while the photon index α2 describing the spectral segment between
Ebreak and Epeak has mean value –1.5. These are consistent with ex-
pectations for synchrotron radiation of fast–cooling electrons.
A compelling question is whether bursts with such spectral pro-

perties, i.e. consistent with synchrotron predictions, also exist in the
Fermi database. In Ravasio et al. (submitted to A&A), taking ad-
vantage of the wider energy range and the high spectral resolution
of Fermi/GBM (8 keV – 40 MeV), we performed the prompt emis-
sion spectral analysis of GRB160625B mostly focusing on the main
event. The precursor and the third pulse are relatively weak. The
main goal of this work relies on testing empirically to what extent
the time resolved spectra of this bright burst are consistent with the
synchrotron spectrum expected in the marginally fast–cooling syn-
chrotron scenario.

10.2.1 Observational data

In order to perform the time–resolved spectral analysis we consid-
ered the detectors with the highest signal: NaI #6, NaI #9, and both
BGO detectors (#0 and #1) given the extraordinary brightness of this
burst. For the few spectra having poor signal we also added the
data from the NaI #7 (see Tab.10.2, Tab.10.4 and Tab.10.3) in order
to improve the photon statistics. We worked in the [8, 900] keV and
[0.3, 40]MeV energy range for NaI and BGO detectors, respectively.
For NaI detectors, we excluded the spectral channels with energies
in the 25–45 keV interval due to the presence of the Iodine K–edge
at 33.17 keV (see Bissaldi et al., 2009). In fitting spectra combining
data from NaI and BGO detectors together we included an intercal-
ibration constant as a free parameter.
We retrieved Fermi data from the public archive4 andwe analyzed

them using the GBM official software for spectroscopy RMFIT (v.
4.3.2). We analyzed the CSPEC data which have 1.024 s temporal
resolution and are composed by 128 energy channels logarithmically

4https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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spaced in the whole energy range covered by the single detector, i.e.
∼ 8− 1000 keV for the NaI and 0.3− 40 MeV for the BGO. We used
the detector response matrices .rsp2 which accounts for the satellite
slew. The background has been fitted with a polynomial function
over two time intervals selected after and before the temporal region
containing the event of interest.

10.2.2 Evidence of a spectral break

According to the Fermi/GBM burst catalog, the model which best
fits the spectrum of GRB160625B, integrated over the entire dura-
tion of the burst (Tstart = −44 s, Tstop = 788 s), is a Smoothly Bro-
ken Power–Law (SBPL) function with α = −1.021± 0.004, Epeak =
(229± 4) keV and β = −2.096± 0.014, with an associated, extremely
large, χ2red = 4.195. As mentioned before, we principally focused
on the main event namely extending from 186.40 up to 207.91 s af-
ter trigger time T0. This time interval has been selected on the ba-
sis of a S/N ratio > 20 in the BGO light–curve. This conservative
approach ensures to have much larger S/N ratio in the NaI detec-
tors (for a typical photon spectrum N(E) ∝ E−x with x > 0). We
performed a preliminary analysis fitting the time integrated spec-
trum adopting a SBPL function (solid line in Fig.10.7). We find α =
−0.684± 0.004, Epeak = 207.2+2.2−2.14 keV, β = −2.242± 0.006 and a
χ2red = 2306.8/464 = 4.97.
From the visual inspection of this spectrum (see Fig.10.7) and of

the data–to–model residuals (in units of standard deviation– bot-
tom panel in Fig.10.7), we notice the presence of a systematic trend,
with broad excesses (possibly a break) peaking around 60 keV and
700 keV.
These features have been modeled in recent works (Zhang et al.,

2016; Wang et al., 2017; Lü et al., 2017) adding a thermal black body
component. Following their example we performed a fit using a
two component model: SBPL+BB. In this case the fit significantly
improves yielding kT = 33.27+0.421−0.416 keV and a peak energy of the
SBPL model Epeak = 449.4+8.11−7.97 keV with α = −0.874±−0.006 and
β = −2.484+0.011−0.012. The chi–square reduces to χ

2
red = 810.93/462 =

1.75. The addition of the BB component manages to model the ex-
cess at low energies allowing the SBPL function to better adapt to
the high energy part of the spectrum (shifting the peak by a factor
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Figure 10.7: EFE spectrum of the main episode (186.40–207.91) s fitted with the
standard SBPL function (solid line). Error bars on the data points are at 1σ con-
fidence level and 1σ upper limits are shownwith downward arrows. Residuals
in units of σ are shown in the bottom panel. Different colors show the spectra of
different detectors (as labelled).

∼ 2 with respect to the fit without the BB component). While this
possibility is not excluded, the additional BB component (typically
associated to the photospheric emission; Pe’er et al. 2006a) has to be
explained.
Here, as suggested by (Oganesyan et al., 2017), we try to fol-

low a different approach: in the following we will introduce a com-
pletely empirical function made of three power laws separated by
two breaks to verify if it can cure the excesses shown by the residu-
als in Fig. 10.7. The advantage of our model is that it is a single com-
ponent that also includes, within its parameters’ space, the shape
expected in the case of synchrotron emission from fast–cooling elec-
trons or marginally cooled electrons allowing us to test these scenar-
ios.
Since we need to account for two breaks (i.e. a low energy break

and a second one – corresponding to the peak energy) we elaborate
the simple SBPL model (as defined in Rhoads 1999) adding a second
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break. The advantage of the SBPL with respect to the Band model
is that it allows for the possibility to change the smoothness of the
curvature (in the limit it can account for a sharp break or a smooth
curvature as in the Band model). Here the models definition:

• The basic Smoothly Broken Power Law (SBPL)

N(E) [SBPL] = AE−α
j
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N(E) is the photon spectrum (in units of cm−2 s−1 keV−1). The
four free parameters are the amplitude A, the low energy spec-
tral index α, the peak energy Epeak of the νF(ν) spectrum and
the high energy spectral index β. This model has a peak in
νF(ν) only if α < 2 and β > 2.

• The double Smoothly Broken Power Law (2SBPL)
It presents a second break and a third power law segment.
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where

Ej = Epeak ·

(

2− α2
β− 2

)
1

(α2−β)n
(10.4)

The five free parameter are the amplitude A, the low energy
index α1, the break energy Ebreak, α2, namely the index of the
power law between the break and the peak, the νFν spectrum
peak energy Epeak and the high-energy index β. As the previous
model it peaks in νF(ν) only if α2 < 2 and β > 2. We kept the
smoothness parameter n fixed in our analysis for both the break
and the peak.
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Figure 10.8: EFE spectrum of the main episode (186.40–207.91 sec) fitted with the
SBPL function (red line) and its residuals (middle panel). The fit with the 2SBPL
function, allowing for a break, is shownwith the solid black line. The residuals
of the 2SBPL model are shown in the bottom panel. Symbols and color coding
of data points are labeled.

with directly implemented Epeak as a free parameter so that the re-
sult of the fit is Epeak itself (see e.g. Calderone et al., 2015)). More-
over, being the 2SBPL nested into the SBPL, it is possible to compare
the improvement of the fit with the 2SBPL over the SBPL through
the F–test (Protassov et al., 2002).
The fit of the time–integrated spectrumwith the new SBPLmodel

(see Fig.10.8) gives similar results to the standard SBPL fit and has
χ2red = 1981/456 = 4.34. Even the residuals (middle panel of Fig.10.8)
are similar to those of the standard SBPL fit (bottom panel of Fig.10.7).
Despite some systematic deviations due to the possible spectral

evolution remain (the spectrum is time–integrated), the 2SBPL greatly
improves the fit (χ2red = 771/454 = 1.69) with a significance of 8.35σ
as can be visually seen in the residuals (bottom panel of Fig.10.8). In-
triguingly, fitting with the 2SBPL model, the slopes of the power–
law component below and above the low energy break (α1 = 0.81±
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0.01 and α2 = 1.59 ± 0.03, respectively) are near to the expected
slopes of the synchrotron emission.
We performed an additional test adding a BB to the SBPL model,

in order to compare it with the 2SBPL fit. Since the SBPL+BB and
2SBPL have the same number of degrees of freedom, they can be
directly compared in terms of χ2 and associated probability. The fit
with SBPL+BB, χ2red = 949/454 = 2.09, is also improving over the
SBPL with identical significance of 8.35σ as the 2SBPL case. How-
ever, the fit with 2SBPL (χ2red = 1.69) remains the best one.
To conclude, these results show that the spectrum of the main

peak of GRB160625B requires the addition of a low energy spectral
break to a standard SBPL model. Though this can be accomplished
by adding a black body component we prefer to add a break to the
single non–thermal component (SBPL) since the 2SBPL may result
consistent with synchrotron emission.

10.2.3 Time–resolved spectral analysis

In order to check if the low energy break seen in the time–integrated
spectrum is present also in the time resolved spectra, we analyze the
21 time–resolved spectra (1.024 time bins) distributed in the 186.40–
207.91 s time interval of the main episode (as reported in Tab.10.2,
Tab.10.4 and Tab.10.3). We adopted the three models: SBPL, 2SBPL
and SBPL+BB. Fig.10.9 shows the comparison between these mod-
els.
In almost all the time–resolved spectra (18/21 and 17/21 for the

2SBPL and SBPL+BB respectively) we find that the fit significantly
improves when passing from the SBPL to the 2SPBL or SBPL+BB.
Fig.10.10 shows the distributions of the F–test significance between
the SBPL and 2SBPL with only three cases having significance lower
than 3σ. 2SBPL and SBPL+BB models can be directly compared
through the χ2 (reported in Tab.10.3 and Tab.10.4, respectively). In
all cases the probability of the 2SBPL and SBPL+BB is larger than
10−3 and we note that the probabilities of the 2SBPL are system-
atically larger than the SBPL+BB. The spectral results with the dif-
ferent models are reported in Tab.10.2 (SBPL), Tab.10.3 (2SBPL) and
Tab.10.4 (SBPL+BB).
Fig.10.11 shows the spectrum of the brightest temporal bin of the

main emission episode. Also in this spectrum we find systematic
residuals in the SBPL fit (top panelof Fig.10.11) which are absorbed
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Figure 10.9: Comparison of the three spectral models SBPL, SBPL+BB and 2SBPL
(see text) assuming typical parameters (as labeled).

by the 2SBPL (mid panel of Fig.10.11) or SBPL+BB (bottom panel of
Fig.10.11). Notably, the break energy of the 2SBPL coincides with
the peak of the BB. However, the 2SBPL fit has a larger probability
of the fit (P = 0.216) compared to the SBPL+BB (P = 0.012).
The evolution of the spectral parameters of the 2SBPL is shown in

Fig.10.12. Both Ebreak (blue symbols) and Epeak (red symbols) evolve
simultaneously and monotonically soften during the beginning of
the main emission episode and then keep constant (with a ratio of 5)
after 190 s from the trigger. Fig.10.13 shows the correlation between
Ebreak and Epeak. We find a significant correlation with Spearman’s
correlation coefficient ρ = 0.45 and a chance probability P = 0.06.
The fit of the correlation with a linear model (solid line in Fig.10.13)
has slope 1.45 and intercept −0.28.

10.2.4 Interpretation of synchrotron emission

The time–resolved spectral analysis of themain peak of GRB160625B
(see previous sub–section) shows that in almost all the spectra the fit
with the simple SBPLmodel is unsatisfactory and a low energy spec-
tral break is required. Both adding a break (2SBPL model) or a black
body (SBPL+BB model) significantly improves the fit in the majority
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Time Bin (s) Norm. α β Epeak Photon Flux Energy Flux (10−5) χ2/DOF Prob NaI#7

186.40 - 187.43 2.9+0.4−0.5 1.02+0.02−0.04 2.2+0.1−0.2 2917.0+28400.0−223.0 19.7± 0.4 3.12± 0.18 555.16 / 564 0.60 x
187.43 - 188.45 6.2+0.1−0.2 0.830+0.012−0.001 2.013+0.0428−0.0113 2014.0+227.0−542.0 74.63± 0.68 9.45± 0.19 565.27 / 456 3.55 · 10−4 -
188.45 - 189.47 17.38+0.799−0.808 0.826+0.008−0.010 2.167+0.0176−0.0229 918.5+20.6−20.6 199.49± 1.03 19.46± 0.27 796.29 / 456 7.09 · 10−21 -
189.47 - 190.50 21.06+1.07−1.09 0.865+0.011−0.013 2.165+0.0202−0.0282 663.6+22.7−20.9 154.88± 0.96 11.32± 0.19 726.06 / 456 1.14 · 10−14 -
190.50 - 191.52 16.81+1.14−1.33 0.858+0.017−0.022 2.177+0.0183−0.0386 379.0+21.1−16.8 88.15± 0.79 4.32± 0.12 528.3 / 456 0.011 -
191.52 - 192.55 19.7+1.47−1.96 0.901+0.025−0.025 2.204+0.02−0.0542 284.5+19.1−11.8 69.14± 0.69 2.61± 0.88 453.94 / 456 0.52 -
192.55 - 193.57 16.79+1.2−1.3 0.854+0.018−0.019 2.279+0.0234−0.0414 297.0+13.3−10.7 83.62± 0.78 3.26± 0.092 475.8 / 456 0.25 -
193.57 - 194.59 17.12+0.984−1.08 0.886+0.012−0.018 2.388+0.0253−0.0579 473.8+15.9−22.5 111.77± 0.84 5.61± 0.13 564.98 / 456 3.7 · 10−4 -
194.59 - 195.62 19.86+1.06−1.19 0.886+0.011−0.017 2.392+0.022−0.0541 447.6+14.3−20.3 124.52± 0.89 5.97± 0.13 592.46 / 456 1.6 · 10−5 -
195.62 - 196.64 18.62+1.08−1.23 0.883+0.013−0.021 2.399+0.0243−0.0597 419.2+15.0−22.1 108.31± 0.83 4.93± 0.11 574.56 / 456 1.3 · 10−4 -
196.64 - 197.67 17.6+1.01−1.17 0.928+0.013−0.018 2.361+0.0254−0.0593 381.6+14.8−16.3 82.28± 0.64 3.40± 0.10 689.6 / 564 2.2 · 10−4 x
197.67 - 198.69 18.38+0.997−1.12 0.930+0.011−0.016 2.345+0.0252−0.058 466.1+17.1−19.2 88.27± 0.65 4.26± 0.12 618.15 / 564 0.057 x
198.69 - 199.71 16.83+1.03−1.09 0.919+0.011−0.016 2.591+0.0353−0.0891 514.5+15.5−23.9 94.33± 0.78 4.36± 0.11 552.84 / 456 0.0012 -
199.71 - 200.74 17.25+0.951−0.942 0.866+0.010−0.012 2.239+0.0219−0.0269 678.7+19.4−19.5 129.77± 0.88 9.41± 0.17 563.27 / 456 4.4 · 10−4 -
200.74 - 201.76 18.33+1.04−1.07 0.868+0.012−0.014 2.23+0.0206−0.0301 548.1+18.8−19.1 117.05± 0.88 7.26± 0.14 502.65 / 456 0.065 -
201.76 - 202.79 24.15+1.31−1.31 0.956+0.011−0.011 2.631+0.0406−0.0689 525.1+16.3−16.1 108.57± 0.84 4.80± 0.11 512.23 / 456 0.035 -
202.79 - 203.81 21.05+1.17−1.35 0.985+0.012−0.016 2.434+0.0312−0.0849 424.5+18.3−17.5 76.14± 0.63 3.063± 0.097 622.94 / 564 0.043 x
203.81 - 204.83 17.0+1.13−1.27 0.999+0.014−0.019 2.313+0.0323−0.0783 477.3+27.0−22.9 60.49± 0.57 2.78± 0.11 624.2 / 564 0.040 x
204.83 - 205.86 15.96+1.05−1.4 0.961+0.016−0.026 2.369+0.0293−0.0951 364.5+18.0−21.3 57.30± 0.55 2.201± 0.083 647.83 / 564 0.0082 x
205.86 - 206.88 14.17+1.11−1.55 0.928+0.019−0.025 2.296+0.0288−0.0834 272.8+17.5−10.5 46.53± 0.52 1.6± 0.073 576.01 / 564 0.35 x
206.88 - 207.91 9.896+1.04−1.22 0.975+0.026−0.036 2.087+0.0304−0.0854 338.2+471.0−26.9 39.2± 0.6 1.579± 0.097 500.58 / 456 0.073 -

Table 10.2: Best fit parameters for SBPL model for the main emission episode of GRB160625B.
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Time Bin (s) Norm. α1 Ebreak α2 Epeak β Photon Flux Energy Flux (10−5) χ2/DOF Prob. σ(Ftest) NaI#7

186.40 - 187.43 2.4+0.5−0.34 0.95+0.04−0.03 645.1+335.0−163.0 1.6+0.12−0.1 6711.0+1530.0−1720.0 3.77+0.83−1.13 19.05± 0.39 2.6± 0.16 542.7/562 0.71 3.1 x
187.43 - 188.45 4.53+0.56−0.52 0.72+0.03−0.03 276.5+52.8−45.4 1.52+0.08−0.08 2945.0+480.0−375.0 2.47+0.13−0.11 73.11± 0.67 8.5± 0.19 489.6/454 0.12 7.8 -
188.45 - 189.47 10.48+0.75−0.75 0.65+0.02−0.02 194.6+15.5−15.8 1.49+0.04−0.04 1754.0+105.0−104.0 2.56+0.05−0.06 193.0± 1.08 16.6± 0.22 477.4/454 0.22 8.4 -
189.47 - 190.50 12.92+1.07−1.15 0.7+0.02−0.03 163.9+15.3−17.5 1.55+0.05−0.06 1323.0+104.0−111.0 2.58+0.06−0.08 151.86± 0.96 9.9± 0.16 499.6/454 0.07 8.4 -
190.50 - 191.52 10.2+1.31−1.47 0.72+0.03−0.04 122.2+17.9−21.7 1.54+0.07−0.1 721.1+59.3−68.8 2.52+0.05−0.11 88.17± 0.76 4± 0.11 455.5/454 0.47 7.9 -
191.52 - 192.55 13.84+1.73−1.89 0.82+0.03−0.04 128.5+15.2−18.2 1.78+0.08−0.11 695.5+91.3−127.0 2.75+0.09−0.25 69.45± 0.69 2.4± 0.09 416.7/454 0.89 5.9 -
192.55 - 193.57 11.51+1.57−2.03 0.76+0.03−0.06 134.9+23.0−36.0 1.6+0.13−0.2 456.2+38.9−51.0 2.52+0.06−0.12 83.72± 0.76 3.1± 0.1 446.6/454 0.59 5.0 -
193.57 - 194.59 9.41+1.18−1.29 0.69+0.03−0.04 125.7+21.7−24.7 1.42+0.07−0.09 657.4+30.6−35.9 2.66+0.04−0.08 109.62± 0.84 5± 0.11 451.8/454 0.52 8.4 -
194.59 - 195.62 11.65+1.28−1.48 0.71+0.03−0.04 135.2+20.5−25.2 1.46+0.07−0.09 629.8+27.0−36.3 2.67+0.04−0.08 122.52± 0.93 5.4± 0.12 478.5/454 0.21 8.4 -
195.62 - 196.64 10.81+1.51−1.23 0.71+0.04−0.04 133.2+24.1−22.0 1.49+0.09−0.09 610.5+30.7−35.8 2.75+0.06−0.1 106.67± 0.8 4.4± 0.1 470.4/454 0.29 8.4 -
196.64 - 197.67 10.5+1.71−2.09 0.78+0.04−0.07 122.6+31.1−39.7 1.5+0.11−0.14 615.8+41.3−53.8 2.87+0.12−0.2 81.82± 0.65 3± 0.1 616.1/562 0.06 7.7 x
197.67 - 198.69 11.12+1.49−2.3 0.77+0.04−0.08 119.4+35.9−48.4 1.35+0.09−0.12 605.9+32.6−30.7 2.55+0.05−0.08 87.37± 0.66 3.9± 0.11 561.6/562 0.5 7.0 x
198.69 - 199.71 9.79+1.24−2.12 0.73+0.03−0.08 135.2+28.8−46.9 1.41+0.08−0.13 667.7+28.8−41.0 2.94+0.07−0.16 92.29± 0.78 3.8± 0.11 466.9/454 0.33 8.4 -
199.71 - 200.74 12.04+1.19−1.31 0.74+0.03−0.03 199.1+36.7−42.1 1.41+0.09−0.1 928.2+58.3−55.7 2.4+0.04−0.04 127.62± 0.9 8.7± 0.16 490.4/454 0.12 7.6 -
200.74 - 201.76 11.99+1.43−1.57 0.73+0.03−0.04 157.4+34.8−38.8 1.39+0.1−0.11 737.7+48.0−43.2 2.37+0.03−0.04 115.49± 0.84 6.8± 0.14 439.2/454 0.68 7.5 -
201.76 - 202.79 14.08+1.82−2.44 0.76+0.04−0.06 129.8+29.7−39.0 1.42+0.08−0.11 662.4+25.8−36.4 2.94+0.06−0.13 106.19± 0.83 4.3± 0.09 416.7/454 0.89 8.4 -
202.79 - 203.81 16.78+2.12−2.05 0.91+0.03−0.04 214.8+62.1−73.0 1.56+0.18−0.22 513.1+27.5−91.5 2.69+0.06−0.18 75.69± 0.63 2.8± 0.1 605.9/562 0.1 3.5 x
203.81 - 204.83 13.18+2.04−3.27 0.92+0.04−0.12 193.0+97.6−141.0 1.46+0.18−0.28 586.4+45.2−62.6 2.5+0.06−0.15 60.19± 0.57 2.6± 0.11 613.2/562 0.07 2.7 x
204.83 - 205.86 11.45+1.37−1.81 0.87+0.03−0.05 159.9+28.6−44.2 1.61+0.1−0.18 528.1+36.2−64.1 2.83+0.08−0.26 56.88± 0.56 1.9± 0.08 617.7/562 0.05 4.8 x
205.86 - 206.88 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 x
206.88 - 207.91 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -

Table 10.3: Best fit parameters for 2SBPL model for the main emission episode of GRB160625B.
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Time Bin (s) Norm. α β Epeak BB Norm. (10−5) kT Photon Flux Energy Flux(10−5) χ2/DOF Prob NaI7

186.40 - 187.43 4.28+0.7−0.64 1.13+0.04−0.03 2.68+0.34−0.37 4465.0+909.0−599.0 0.049+0.024−0.021 123.6+21.8−15.4 19.24± 0.38 2.76± 0.16 537.6/562 0.76 x
187.43 - 188.45 6.17+0.07−0.26 0.85+0.05−0.05 2.01+0.0−0.01 2592.0+174.0−411.0 2.23+0.41−0.63 51.58+6.08−0.52 72.8± 0.7 9.32± 0.17 530.1/454 0.01 -
188.45 - 189.47 21.88+1.4−1.32 0.91+0.01−0.01 2.33+0.02−0.03 1170.0+39.1−34.9 9.5+1.14−1.08 54.84+2.28−2.18 192.1± 1.06 16.71± 0.22 524.6/454 0.01 -
189.47 - 190.50 25.29+2.23−2.09 0.95+0.02−0.02 2.35+0.03−0.04 882.0+39.4−35.1 14.35+2.44−2.1 44.28+2.84−2.79 151.56± 0.97 10.10± 0.17 543.7/454 0.0 -
190.50 - 191.52 20.95+2.42−2.22 1.0+0.02−0.03 2.41+0.04−0.07 613.8+37.3−32.7 16.01+3.35−2.8 36.41+2.76−2.68 88.06± 0.76 4.10± 0.17 462.3/454 0.38 -
191.52 - 192.55 13.28+0.0−4.58 0.84+0.07−0.1 2.22+0.03−0.06 293.7+27.9−338.0 183.2+302.0−3390.0 13.34+5.11−2.6 69.46± 0.71 2.62± 0.09 444.3/454 0.62 -
192.55 - 193.57 19.79+2.61−2.49 0.97+0.03−0.04 2.43+0.04−0.07 438.3+32.8−36.9 16.63+4.8−3.57 33.58+3.34−3.71 83.72± 0.77 3.19± 0.10 451.9/454 0.52 -
193.57 - 194.59 18.48+1.71−1.77 0.94+0.02−0.02 2.58+0.03−0.07 603.4+20.9−23.9 13.49+3.03−2.29 38.58+2.69−2.96 109.57± 0.85 5.07± 0.11 455.8/454 0.47 -
194.59 - 195.62 21.78+1.9−2.0 0.95+0.02−0.02 2.58+0.03−0.07 579.8+19.6−23.4 14.99+3.27−2.49 38.4+2.64−2.92 122.41± 0.86 5.45± 0.12 484.1/454 0.16 -
195.62 - 196.64 21.0+2.13−2.08 0.96+0.02−0.02 2.64+0.04−0.08 564.2+21.9−24.8 14.12+3.18−2.48 38.64+2.93−3.08 106.69± 0.81 4.48± 0.11 480.6/454 0.19 -
196.64 - 197.67 17.22+2.13−1.81 0.98+0.03−0.03 2.58+0.06−0.1 506.4+30.0−30.7 15.29+6.35−4.49 30.26+4.28−3.71 81.99± 0.65 3.23± 0.10 638.0/562 0.01 x
197.67 - 198.69 19.65+1.76−1.72 0.98+0.02−0.02 2.51+0.04−0.08 577.9+24.4−26.0 8.93+2.71−2.04 37.02+3.64−3.78 87.33± 0.65 3.97± 0.11 567.6/562 0.43 x
198.69 - 199.71 16.79+2.73−1.62 0.94+0.03−0.02 2.76+0.07−0.09 595.1+32.1−21.9 11.05+3.86−3.57 36.65+6.43−4.06 92.38± 0.79 4.00± 0.10 483.9/454 0.16 -
199.71 - 200.74 21.28+1.94−1.9 0.94+0.02−0.02 2.34+0.03−0.03 832.8+43.4−41.3 5.09+1.2−0.94 53.53+4.31−4.93 127.4± 0.89 8.67± 0.15 505.6/454 0.05 -
200.74 - 201.76 20.29+1.99−1.86 0.92+0.02−0.02 2.33+0.03−0.03 664.4+31.2−28.2 9.71+2.68−2.02 41.75+4.0−4.06 115.35± 0.84 6.80± 0.14 443.1/454 0.63 -
201.76 - 202.79 25.12+2.31−2.37 0.98+0.02−0.02 2.8+0.04−0.09 605.1+18.2−23.3 13.26+4.15−2.86 37.14+3.38−3.72 106.25± 0.84 4.38± 0.10 428.4/454 0.8 -
202.79 - 203.81 24.83+2.34−3.03 1.06+0.02−0.03 2.62+0.04−0.15 530.3+26.7−43.3 4.34+1.69−1.2 42.71+4.65−6.99 75.71± 0.64 2.86± 0.10 606.9/562 0.09 x
203.81 - 204.83 19.57+2.28−2.2 1.06+0.03−0.03 2.45+0.05−0.11 583.6+44.0−43.6 3.09+1.48−0.97 41.91+5.75−7.24 60.16± 0.58 2.62± 0.11 613.4/562 0.07 x
204.83 - 205.86 19.76+2.01−2.29 1.07+0.02−0.03 2.73+0.06−0.19 527.9+25.5−38.6 6.91+1.8−1.45 38.51+2.96−3.58 56.86± 0.56 1.96± 0.09 614.2/562 0.06 x
205.86 - 206.88 15.98+1.5−2.54 1.0+0.06−0.06 2.36+0.05−0.65 334.8+49.2−190.0 7.14+3.59−4.07 31.53+6.74−8.23 46.48± 0.53 1.54± 0.08 573.6/562 0.36 x
206.88 - 207.91 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -

Table 10.4: Best fit parameters for SBPL+BB model for the main emission episode of GRB160625B.
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Figure 10.10: Histograms of the F–test significance of 2SBPL with respect to SBPL.
The vertical dashed line shows the 3σ threshold.

Figure 10.11: Spectrum of the brightest time bin (1.024 seconds width) of the main
event fitted with different models: SBPL, SBPL+BB and 2SBPL.

of spectra.
We prefer the 2SBPL model over the SBPL+BB for three reasons:
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10.2. GRB 160625B: consistency with synchrotron emission

Figure 10.12: Time evolution of the spectral parameters of the 2SBPL model
(Tab.10.2). From top to bottom: count rate (with 1.024 s time resolution), peak
and break energy (red and blue symbols, respectively), photon index below
and above the break (yellow and green symbols, respectively) and spectral in-
dex above the peak energy. The last two spectra could only be fitted with the
SBPL model and its spectral parameters are represented with different sym-
bols.
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Figure 10.13: Correlation between the peak energy Epeak and the break energy
Ebreak of the 2SBPL model. The red point is the only spectrumwhere the F–test
probability of the fit improvement using 2SBPL over the SBPL is significant at
2.71σ. Error bars show uncertainties at 1σ.

(i) in themajority of the cases the fit with 2SBPLmodel has a larger
probability (of the χ2) than the SBPL+BB;

(ii) 2SBPL is a single component emission model;

(iii) the spectral indexes of the 2SBPL are remarkably consistent with
standard synchrotron fast–cooling emission.

Indeed, the synchrotron fast–cooling model predicts photon in-
dex α1 = −2/3 and α2 = −3/2 and the mean values of our spectral
analysis are α1 = −0.76 ± 0.02 and α2 = −1.51 ± 0.02. Fig.10.14
shows the distributions of the spectral indexes of the 2SBPL model
fits.
Ghisellini et al. (2000) show that, between Ebreak and Epeak, the

flux density should scale as F(ν) ∝ ν−1/2. This is the consequence
of the radiative cooling timescale of electrons being shorter than the
dynamical one.
Considering electrons of energy γmec

2, within a shell of bulk Lo-
rentz factor Γ and with a magnetic field B, the radiative cooling
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10.2. GRB 160625B: consistency with synchrotron emission

Figure 10.14: Distributions of the spectral indexes of the three power–law seg-
ments of the 2SBPL model (values in Tab.10.3). The vertical dashed lines show
the median value of the three indexes α1, α2 and β.

timescale (in the observer frame) for synchrotron emission is:

tobscool =
γ

γ̇

(1+ z)

Γ
=

6πmec

σTB2Γγ(1+ Urad/UB)

(1+ z)

Γ
(10.5)

where Urad and UB are the radiation and magnetic energy densities,
respectively.
Our time–resolved spectral analysis was performed considering

spectra with integration time of 1.024 seconds. Therefore, we can
derive a limit on B by requiring tobscool ≥ 1 s. We can express γ as a
function of the synchrotron frequency, νs = 3.6× 106Bγ2Γ/(1+ z)
Hz, obtaining:

B ≤
[

6πmec
2(3.6× 106)1/2(1+ z)1/2

σTcΓ1/2ν1/2s

]2/3

(10.6)

Considering the typical value of Ebreak ∼ 100 keV found in our
analysis we obtain:

B  13 Γ−1/3
2 ν−1/3100 keV Gauss. (10.7)

Such a small value of B is at odd with the expectation at the GRB
emission region unless it decayed substantially from the value it has
at the shock front (Zhao et al., 2014a). In this case the observed slope
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Figure 10.15: Temporal evolution of the ratio between the peak energy and the
break energy of the 2SBPLmodel for the 18 spectra where this fit is significantly
(at more than 3σ significance level) better than the SBPL model fit.

of GRB prompt emission spectra could still be attributed to synchro-
tron radiation, but in a moderately fast cooling regime (i.e., a situa-
tion in which νcool  νmin).
Another analogous study on physical conditions leading to νcool  

νmin was discussed in Beniamini and Piran (2013), finding reason-
able synchrotron solutions for emission radii of the order of 1015 cm <

R < 1017 cm.
We show in Fig.10.12 that Ebreak (corresponding to νcool) and Epeak

(corresponding to νmin) are fairly close to each other. Fig.10.15 shows
the time evolution of the ratio Ebreak/Epeak ∼ 5. A similar analysis
was performed also by Yu et al. (2015b), using a synchrotron plus
black body model to fit 8 GRBs time–resolved spectra observed by
Fermi GBM. They found that the break and the peak of their syn-
chrotron model are close to one another, with a narrow distribution
of Epeak/Ebreak centered at 3.77

−1.53
+4.01.

To conclude, even if the two energies are not expected to be re-
lated and their ratio is not constrained by any theoretical prediction,
their values and their ratio, as found in our analysis, seem to support
the “moderately fast–cooling” scenario.
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CHAPTER11
Conclusions

Since the discovery of Gamma Ray Bursts (GRBs), one of the most
important questions was related to their distance scale (i.e. whether
galactic or cosmological) which had immediate implications on their
associated luminosities and energetics. Through the afterglow de-
tection (Costa et al., 1997; van Paradijs et al., 1997) and first redshift
measurements, GRBs were proven to be cosmological sources with
large isotropic equivalent luminosities exceeding, in few cases, 1054

erg/s. The pinpointing of the GRB afterglow, made available by the
fast slewing of the Swift satellite (Gehrels et al., 2004), coupled with
intense efforts to acquire early time optical spectra from ground, al-
lowed us to measure the redshifts z of GRBs with an average ef-
ficiency of 30%. Among these, GRB 090423 (with a spectroscopic
z = 8.2 – Salvaterra et al. 2009a; Tanvir et al. 2009) and GRB090429B
(with photometric redshift z = 9.4 – Cucchiara et al. 2011) represent
the farthest objects of stellar origin known so far.
Two of the key properties characterising the population of GRBs

are their cosmic formation rate ψ(z), (i.e. the number of bursts per
unit comoving volume and time as a function of redshift) and their
luminosity function φ(L) (i.e. the fraction of bursts with a certain
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luminosity). Recovering ψ(z) and φ(L) of GRBs allows us to test
the nature of their progenitor (e.g. through the 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 (e.g.
Liang et al., 2007). This is becoming even more compelling with the
advent of the detection of gravitational waves whose progenitors
could produce also short GRBs.
These two functionswere derived for the population of longGRBs

(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 differentmethods and samples of bursts (see Chp.4 formore
details). The population of short GRBs, instead, is still poorly under-
stood owing to the relatively few events with measured redshift (see
e.g. Berger, 2014; D’Avanzo, 2015, for recent reviews). For this rea-
son, their ψ(z) and φ(L) have been less securely constrained (e.g.
Nakar et al., 2006; Berger, 2014; D’Avanzo et al., 2014; Guetta and
Piran, 2006, 2005).
However, ψ(z) and φ(L) cannot be derived straightforwardly us-

ing all GRBs with known redshift since these samples are affected
by observational biases. Specific methods accounting for such bi-
ases should be adopted.
Themain approaches that have been used so far (see Chp.4) agree

on the shape of the luminosity function (typically represented by a
broken power law) for but lead to remarkably different results on
the cosmic GRB formation rate (particularly at low redshifts – see
Chp.5). The above general consideration applies to the population
of long GRBs. For short events no consensus has been found both
on the shape and redshift distribution yet. Independently from the
method used to recover these two functions, most of the previous
studies (see however Salvaterra et al., 2012) adopted either hetero-
geneous samples (i.e. including GRBs detected by different satel-
lites/GRB detectors which have different sensitivities) and/or in-
complete samples. Incompleteness can be induced by several effects
such as the variation (for a given detector) of the trigger efficiency
and/or the efficiency inmeasuring the redshift through optical spec-
troscopy. Modeling individually these instrumental and observa-
tional biases may be extremely difficult, if not impossible, in prac-
tice.
A good solution is to work with complete samples despite the
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number of GRBswithmeasured L and z is still small, particularly for
the puplation of short GRBs. Salvaterra et al. (2012) defined a com-
plete flux–limited sample of long GRBs (called BAT6) detected by
Swift which, despite containing a relatively small number of GRBs,
has a high redshift completeness (∼ 95%) and has been extensively
used to test various prompt and afterglow properties of GRBs in an
unbiased way (Vergani et al., 2015; Nava et al., 2012; Melandri et al.,
2014, 2012; Ghirlanda et al., 2012a; D’Avanzo et al., 2012; Covino
et al., 2013; Campana et al., 2012).
Alternatively, one can adopt direct inversion methods that allow

us to derive ψ(z) and φ(L) from samples of GRBs with measured z
and L. For example Wanderman and Piran (2010) adopted the Max-
imum Likelihood Estimator (explained in Sec.4.2). More recently,
Yu et al. (2015a, Y15) and Petrosian et al. (2015, Y15) applied the
C− statistical method (Lynden-Bell, 1971) to reconstruct the discrete
ψ(z) and φ(L) from a sample of Swift bursts with measured red-
shifts. This method has been inherited from the studies of the lumi-
nosity function of quasars and blazars (e.g. Singal et al., 2013, 2012;
Maloney and Petrosian, 1999; Chiang and Mukherjee, 1998) and it
has been applied to GRBs (Kocevski and Liang, 2006; Lloyd and Pet-
rosian, 1999). The key assumption of these non–parametric methods
is that L and z must be uncorrelated. For this reason both P15 and
Y15 apply a statistical method (Efron and Petrosian, 1992) to remove
the redshift dependence of the luminosity induced by the flux–cut
in the selected GRB sample.
Intriguingly, they find, at odd with respect to previous works,

that the GRB rate is flat or decreases from the local Universe up to
z = 1. If compared to the SFR, this behaviour would imply a rela-
tive excess of the GRB formation rate with respect to ψ⋆(z) at z ≤1
(if both are normalized to their respective peaks). They call this be-
haviour the excess of GRBs at low redshifts. This result is puzzling
also because it is completely at odds with the findings of the works
based on the properties of GRB host galaxies. In fact, Vergani et al.
(2015); Perley et al. (2015b, 2016a,b); Schulze et al. (2015); Krühler
et al. (2015), performedmulti–wavelength and spectroscopic studies
on the properties (stellar masses, luminosities, SFR and metallicity)
of GRB host galaxies of different complete GRB samples and com-
pared them to those of the star-forming galaxies selected by galaxy
surveys. All their results clearly indicate that at z < 1 only a small
fraction of the star–formation produces GRBs.
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In Pescalli et al. (2016) we tested the the robustness of the C−

method performingMonte Carlo simulations (see Sec.4.1 and Sec.5.1).
We showed that this method can correctly recover the LF and the
GRBFR assumed in the simulation, but only if the sample of GRBs it
is applied to is complete in flux and has a high level of completeness
in redshift. Using incomplete samples in redshift and/or in flux (as
Y15 and P15 did), the resulting GRBFR and LF can be different from
the assumed ones. Indeed, this could account for the excess of the
rate of GRBs at low redshift reported by Y15 and P15.
Motivated by these results, we applied the C− direct method (in

its specific version already applied to GRBs by e.g. Yonetoku et al.
2004, 2014; Kocevski and Liang 2006; Wu et al. 2012; P15; Y15) for
the first time to a well–defined sample of GRBs, with the aim to
derive the luminosity function of long GRBs and their formation
rate (Pescalli et al., 2016).
We build our sample of long GRBs starting from the BAT6 com-

plete sample (Salvaterra et al., 2012): this was composed by 58 GRBs
detected by the Swift satellite satisfying the multiple observational
selection criteria of Jakobsson et al. (2006) and having a peak pho-
ton flux P ≥ 2.6 ph cm−2 s−1. We updated the sample including
GRB140703A obtaining a total of 99 objects (see Sec.5.2) . We col-
lected their redshift and spectral parameters from the literature and
accordingly computed their luminosities. The BAT6ext sample has a
redshift completeness of ∼ 82% (82/99 burst with z measured) and
contains 81/99 bursts with well determined L.
We analyzed the BAT6ext sample, searching for a possible lumi-

nosity evolution which is induced by the flux threshold. To this aim
we use the method proposed by Efron and Petrosian (1992). We
found that the L − z correlation, which was introduced by the trun-
cation at the limiting flux, can be described as L = L0(1+ z)k with
k = 2.5. This result is in agreement with what found by other au-
thors (Yonetoku et al., 2004; Wu et al., 2012, Y15; P15). Through the
BAT6ext sample, after de–evolving the luminosities for their redshift
dependence, we find that:

• the luminosity function φ(L0) of long GRBs is a monotonic de-
creasing function well described by a broken power–law with
slopes a = −1.32± 0.21 and b = −1.84± 0.24 below and above,
respectively, a characteristic break luminosity Lb = 1051.45±0.15

erg/s. This result (shape, slopes and characteristic break – see
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Fig.5.2) is consistent with the luminosity function found by Sal-
vaterra et al. (2012).

• The cosmological GRB formation rate ψ(z) increases from low
redshifts to higher values peaking at z ∼ 2 and decreases at
higher redshifts (see Fig.5.2). This trend is consistent with the
shape of the SFR of Hopkins and Beacom (2006) and Cole et al.
(2001). Our results on ψ(z) is in contrast with the GRBFR re-
ported by P15 and Y15 and agrees with the results obtained
from the studies of the hosts (e.g. Vergani et al., 2015; Krühler
et al., 2015).

• We have shown that the latter inconsistency with the results of
P15 and Y15 is due to their samples being incomplete in redshift
and, more severely, in flux.

The luminosity evolution of the luminosity function φ(L) is huge
(but in agreement with the findings of Yonetoku et al. 2004; Wu et al.
2012; P15; Y15). This might be difficult to be justified from a theoret-
ical point of view (see also Daigne et al., 2006). In fact, this could im-
ply an evolution with redshift of either the physical processes lead-
ing to the emission of γ–rays and/or an evolution in the physical
properties of the progenitor (even if the GRB formation rate seems
to follow the SFR, as obtained in this work).
However, the result that GRBs evolve in luminosity should not

be interpreted as the proof that GRBs had experienced a pure lu-
minosity evolution. It is beyond the scope of this work to demon-
strate which type of evolution the GRBs experienced. In fact the
C− method assumes independence between L and z and the non–
parametric method of Efron and Petrosian (1992), which was used
to get the de–evolved luminosities, assigns the whole evolution to
the luminosity. For this reason, we are not able to distinguish be-
tween a luminosity or density evolution (see also Salvaterra et al.,
2012) and probably the true solution resides in a combination of the
two.
For the popoulation of short GRBs (SGRB) the luminosity fucn-

tion and redshift distribution have been derived with more uncer-
tainties mainly based on the small size of the samples with mea-
sured L and z. Now with the first GW events detected it is manda-
tory to recover φ(L) and ψ(z) in order to compare the local SGRB
rate with that of GW events. This would constrain at the same time
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the progenitor properties of short GRBs and in general the proper-
ties of the population of binary neutron stars. Such rate estimates
mainly depend on the luminosity function φ(L) and redshift distri-
bution ψ(z) (assumed to follow the cosmic SFR with a delay which
is due to the time necessary for the progenitor binary system to
merge) of SGRBs. The common approach is to assume parametric
forms for the compact binary merger delay time distribution and
for the SGRB luminosity function; free parameters of such functions
are then constrained through the small sample of SGRBs with mea-
sured redshifts and luminosities and through the distribution of the
γ–ray peak fluxes of SGRBs detected by past and/or present GRB
detectors (Guetta and Piran, 2005, 2006; Nakar et al., 2006; Salvaterra
et al., 2008; Hopman et al., 2006; D’Avanzo et al., 2014; Wanderman
and Piran, 2015). Given the incompleteness of the available SGRB
samples, particularly with measured z, no direct method (as for the
population of long GRBs) can be applied to straightforwardly de-
rive the shape of the SGRB luminosity function φ(L) and redshift
distribution ψ(z) from the observations.
However, a number of other observer frame properties are avail-

able for SGRBs (fluence distribution, duration distribution, observer
frame peak energy) and we considered them in Ghirlanda et al.
(2016, see Chp.8).
We derived φ(L), ψ(z) and the local rate of SGRBs. Similarly to

previous works present in the literature, we fitted the properties of
a synthetic SGRB population, described by the parametric φ(L) and
ψ(z), to a set of observational constraints derived from the popula-
tion of SGRBs detected by Fermi and Swift, but our approach features
a series of improvements:

• (observer frame) constraints: We extend the classical set of ob-
servational constraints (peak flux and – for a few events – red-
shift distribution) requiring that our model should reproduce
the peak flux P, fluence S, peak energy Ep,o, and duration T dis-
tributions of 211 SGRBs with P64 ≥ 5 ph s−1 cm−2 as detected
by the GBM instrument on board the Fermi satellite. The uni-
form response of the GBM over a wide energy range (10 keV –
few MeV) ensures a good characterization of the prompt emis-
sion spectral properties of the GRB population and, therefore,
of the derived quantities, i.e. the peak flux and the fluence;

• (rest frame) constraints: We also require that our model repro-
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duces the distributions of redshift, luminosity, and energy of a
small sample (11 events) of Swift SGRBs with P64 ≥ 3.5 ph s−1

cm−2 (selected by D’Avanzo et al., 2014). This sample is 70%
complete in redshift and therefore it ensures a less pronounced
impact of redshift–selection biases in the results;

• method: We directly parametrize ψ(z) following Cole et al. (2001)
and derive the redshift distribution of SGRBs independently
from their progenitor nature and their cosmic star formation
history. Differently from our implementation, the classical ap-
proach assumes of a specific cosmic star formation history ψ(z)
and a delay time distribution P(τ) (i.e. works under the hy-
pothesis of a specific progenitor type, i.e. NS-NS merger);

• method: We assume the existence of intrinsic Ep− L and Ep− E
correlations in SGRBs (case (a)), similarly to what has been ob-
served in the population of long GRBs. We also allow for a
lower minimum luminosity Lmin = 1050 erg/s (case (b)). How-
ever, since evidence of the existence of such correlations in the
population of SGRBs is still based on a limited number of bursts
(D’Avanzo et al., 2014; Tsutsui et al., 2013; Amati, 2006; Calderone
et al., 2015), we also explore the case of uncorrelated peak energy,
luminosity and energy (case (c)).

Our main results are as follows:

1. The luminosity function of SGRBs (case (a)), which we model
with a broken power law, has a slope α1 = 0.53+0.47−0.14 (68% con-
fidence interval) below the break luminosity of Lb = 2.8+0.6−1.89 ×
1052 erg s−1 and falls steeply above the break with α2 = 3.4+0.3−1.7.
This solution is almost independent from the specific assump-
tion of the minimum luminosity of the φ(L) (case (b)). More-
over, it implies an average isotropic equivalent luminosity 〈L〉 ≈
1.5× 1052 erg s−1 (or 3× 1052 erg s−1 in case (c)), which is much
larger than e.g. 〈L〉 ≈ 3 × 1050 erg s−1 from D’Avanzo et al.
(2014) or 〈L〉 ≈ 4.5× 1050 erg s−1 from (Wanderman and Piran,
2015);

2. The redshift distribution of SGRBs ψ(z) peaks at z ∼ 1.5 and
falls rapidly above the peak. This result is intermediate be-
tween those reported in the literature which assume either a
constant large delay or a power–law distribution favouring small
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delays. We find that our ψ(z) is consistent with the SFH ofMadau
and Dickinson (2014) retarded with a power–law delay time
distribution P(τ) ∝ τ−1;

3. As a by–product we find that, if SGRBs feature intrinsic Ep −
L and Ep − E correlations, they could be slightly steeper than
those derivedwith the current small sample of short bursts with
redshift (e.g. Tsutsui et al., 2013), but still consistent within their
68% confidence intervals;

4. If we assume that there is no correlations between Ep and L (or
E) (case (c)), we find similarly that the φ(L) is flat at low lumi-
nosities and the formation rate peaks at slightly larger redshift
(z ∼ 2);

5. We estimate the rate of SGRBs as a function of z within the ex-
plorable volume of advanced LIGO and Virgo for the detection
of double NS mergers or NS–BH mergers (see Fig.8.5). Assum-
ing the design aLIGO sensitivity averaged over sky location
and over binary orbital plane orientation with respect to the
line of sight, NS–NS mergers can be detected up to 200 Mpc
(410 Mpc for NS–BHmergers). This is usually referred to as the
detection range for these binaries. The rate of SGRBs within the
corresponding volume is ∼7×10−3 yr−1 (0.028 yr−1 for NS–BH
merger distance), assuming the existence of Ep − L and Ep − E
correlations for the population of short bursts (model (a)). Rates
larger by a factor of ∼ 4 are obtained if no correlation is as-
sumed (model (c)). If binaries producing observable SGRBs are
preferentially face–on (which is the case if the GRB jet is pref-
erentially aligned with the orbital angular momentum), then
the actual explorable volume extends to a somewhat larger dis-
tance (a factor of ∼ 1.5 larger, see Schutz, 2011), increasing the
rates of coincident SGRB–GWs of about a factor of 3.4 (Schutz,
2011);

6. We compare our SGRB rates with the rates of NS mergers de-
rived from population synthesis models or from the statistics of
Galactic binaries. This enables us to infer an average opening
angle of the population of SGRBs of 9◦–17◦ (assuming that all
SGRBs are produced by the NS–NS mergers), which is consis-
tent with the few bursts with θjet measured from the break of
their afterglow light curve.
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Our SGRB rate estimates might seem to compromise the perspective
of a joint GW–SGRB observation in the near future. We note, how-
ever, that these rates refer to those bursts whose jets point towards
the Earth. Therefore these rates should increase if we also consider
the bursts oriented in different directions.
GRB jets are extremely powerful (isotropic luminosity in γ-rays

1050−54 erg s−1) and with large bulk Lorentz factors (Γ ∼ 102 −
103). Jets are a common feature of high–energy astrophysical sources
powered by accretion on compact objects, as Active Galactic Nuclei
(AGN) and Quasars (QSO). Moreover, the large isotropic equivalent
energy Eγ,iso of the GRB prompt emission can easily exceed a solar
mass rest energy, unless the radiation is collimated (Tan et al., 2001).
For this reason and by analogy with other kind of sources, the idea
that the emission could be collimated was born.
Observational evidence of jets is the steepening of the X, Optical

and Radio afterglow flux light–curve a few days after the burst. This
behavior, predictedwhen Γ ∼ 1/θj (Rhoads, 1997; Sari et al., 1999), is
interpreted as due to collimation. Although there are still few breaks
in the optical light curves for short GRBs, it is believed that they also
have jets (e.g. Berger, 2014; Fong et al., 2015).
Typically GRB jets are thought as conical with energy and ejecta

velocity constant, within the jet aperture, and zero outside the jet
opening angle (i.e. sharp–edged jet). This is the so called Uniform Jet
(UJ).
Intriguingly, the true energetic of GRBs (i.e. accounting for their

collimation) clusters around a typical value Eγ = Eiso(1− cos θj) ≈
1051 erg with a dispersion of less than a decade (Frail et al., 2001),
correlating with the peak energy of the prompt emission spectrum
Epeak (Ghirlanda et al., 2004; Nava et al., 2006).

For small jet angles, the collimation corrected Eγ ∝ θ2j Eiso. The
small dispersion of Eγ led to the idea that the jet is not uniform, but
structured, where θ is the angular distance from the jet axis, and co-
incides with the viewing angle θv. This scenario assumes that what
we believed to be the jet angle θj is actually the viewing angle θv.
This can lead to a unification scheme in which all bursts are basi-
cally equal, but appear different only because they are seen under
different angles. If the dependence of the burst energetics on θ is
Eiso ∝ θ−2, one recovers the finding of Frail et al. (2001) of the cluster-
ing of Eγ. These GRBs with a universal structured jet (SJ) were first

211



Chapter 11. Conclusions

proposed by Lipunov et al. (2001) and then studied by Rossi et al.
(2002) and Zhang and Mészáros (2002). Some structure to the jet
power and velocity could be imprinted, within the collapsar model,
by the interaction of the jet with the star (e.g. Zhang et al., 2003,
2004b; Lazzati and Begelman, 2005; Morsony et al., 2007; Levinson
and Eichler, 2003).
Several GRB properties are affected by the jet structure: the achro-

matic break in the afterglow light curve is smoother in the SJ model
and it is related to θv rather than θj (Zhang and Mészáros, 2002); dif-
ferent degree of polarization of the afterglow emission (Rossi et al.,
2004; Lazzati et al., 2004a,b) and different luminosity functions (and
GRB rates) are expected in the two scenarios. The jet break measure-
ments are hampered by the necessity of a follow up of the afterglow
emission until late times, by the smoothing induced by viewing an-
gle effects (e.g. van Eerten et al., 2012) and by the contamination of
the afterglow emission at late times by the possible supernova and
host galaxy emission (e.g. Ghirlanda et al., 2007). Despite all these
diagnostics, there is no concluding evidence yet of the real jet struc-
ture.
In Pescalli et al. (2015) we show how the jet structure affects the

luminosity function and we try to get some insight about the still
unknown jet structure of long GRBs by comparing the expected LF
calculated assuming different jet models with the observed one (see
Chp.6).
Due to the increased capability to measure the redshift of long

GBRs, we have now better determination of their luminosity func-
tion, and indeed the results of different groups and of differentmeth-
ods start to converge. The LF can be modeled as a broken power–
law, with slopes ∼1.2–1.5 and b > 2, and a break above 1052 erg s−1

(Wanderman and Piran 2010 – also in agreement with the findings
of Pescalli et al. 2016). The degree of cosmic evolution is instead still
uncertain (see e.g. Salvaterra et al., 2012).
Another controversial issue concerns low luminosity GRBs. A

few have been observed, but their proximity implies a large local
density (e.g. Soderberg et al., 2006b; Pian et al., 2006). It was pro-
posed that low luminosity GRBs could belong to a different popu-
lation (e.g. Virgili et al., 2009; Daigne and Mochkovitch, 2007). We
have shown in Pescalli et al. (2015) that instead they lie on the ex-
trapolation of the luminosity function that describes high luminosity
events. This suggests that bursts of low and high luminosity belong
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to the same population.
Low luminosity bursts have luminosities of ∼ 1047 erg s−1 and

therefore extend the range of observed GRB luminosities up to seven
orders of magnitude. Is this very large range produced by the dif-
ferent intrinsic GRB power or is it instead the result of viewing the
same intrinsic phenomenon under different lines of sight?

• Jets are homogeneous and have a unique opening angle. The
observed luminosity is proportional to the energy left after some
of it has been spent to punch the progenitor star (see Fig.6.13).
This implies that the LF must be flat at low luminosities in con-
trast with the observed data. Therefore, we can exclude this
simple scenario.

• Jets are homogeneous, but with an angle related to the GRB
energy. We assume that smaller θj correspond to larger Eiso and
Liso. Since low luminosity bursts have larger θj the probability
that they intercept our line of sight is larger then that for high
luminosity bursts: therefore the fraction of GRBs that we detect
at low luminosities is larger than at high luminosities. If the
“true” LF is flat, the observed LF is instead decreasing towards
larger Liso with a slope that depends on the chosen relation be-
tween θj and Liso. In this case we obtain a reasonable agreement
with the data in the entire luminosity range but the very low lu-
minosities, where the model shows a small deficit (see Fig.6.14).

• Jet is homogeneous, but it can be seen also off–axis, for viewing
angles θ " θj. This is possible if Γ is not extreme: the luminosity
decreases as a function of θv showing a drop for θv " θj (more
pronounced for larger Γ – see Fig.6.4). The LF constructed with
a single value of θj and Γ do not fit the data, since they show an
upturn at high luminosity instead of a steepening. On the other
hand, assuming some dispersion of θj and Γ, we can obtain a
reasonable agreement (see Fig.6.15). The required average val-
ues are < Γ >= 30 and < θj >= 3◦. What is remarkable is that
the analytically predicted slope at intermediate luminosities is
very close to what observed.

• Jet is structured, of the form ǫ(θv) ∝ θ−s
v beyond a core angle

θc. We have found that a good fit of the observed LF can be
obtained, but only if the slope s is rather steep, s > 4, with a
preferred value s ∼ 8 (see Fig.6.16). This is much steeper than
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the value s = 2 originally proposed to explain the clustering of
Eγ found by Frail et al. (2001).

These studies indicate that the jet must have a relatively sharp
cut–off. Even if an abrupt one is nonphysical (all the energy con-
tained within θj, and zero outside), the energy must in any case de-
crease rapidly with the angle from the jet axis, once it it becomes
greater than the core angle θc. The other important conclusion is
that although the low luminosity bursts seem not to have enough
energy to punch the progenitor star, they can nevertheless be ex-
plained within the same framework of large luminosity GRBs, as
long as they have a larger jet angle, or they are seen off–axis. In the
first case we see the little energy leftover after the jet breaks out, in
the latter case the apparent low luminosity is due to the large view-
ing angle, but the real energetic of these burst is much larger.
The satellites/instruments deputed to the detection of GRBs ob-

served hundreds/thousands of GRBs at an average rate of ∼ 0.3
day−1. Since GRBs are characterized by the presence of a relatively
narrow jet (eventuallywell approximated by an uniform jet – Pescalli
et al. 2015), we more probably detect only those bursts whose jet is
pointing at the Earth.
Indeed, since the highly relativistic motion results in a strong for-

ward beaming of the emitted radiation, the flux directed at the Earth
is dramatically reduced when θv > θj. These events (which are the
most numerous due to the jet orientation probability being ∝ sin θv)
go undetected as prompt γ–ray bursts. However, during the after-
glow the bulk Lorentz factor decreases with time (as the outflow is
decelerated by the external medium). There will be a characteristic
timescale when the relativistic beaming ∝ 1/Γ equals the observer view-
ing angle θv and the (afterglow) radiation can be seen. These events,
missing the prompt emission but detected as afterglows, are called
orphan afterglows (OA – hereafter) and, for typical opening angles of
GRBs of a few degrees, e.g. θj ∼ 0.1 rad, they should outnumber the
population of GRBs (by a factor ∝ (1− cos θj)−1 ∼ 200).
Therefore, OA should be detected as transients but their associa-

tion with GRBs is made difficult due to the lack of a prompt high–
energy emission. Despite specific studies have been searching for
OA in X–ray surveys (Grindlay, 1999; Greiner et al., 2000) in optical
surveys (Rau et al., 2006, 2007; Malacrino et al., 2007) and in the ra-
dio band (Levinson et al., 2002; Gal-Yam et al., 2006; Bannister et al.,
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2011; Bell et al., 2011; Bower and Saul, 2011; Croft et al., 2010; Frail
et al., 2012; Carilli et al., 2003; Matsumura et al., 2009; Lazio et al.,
2010), no OA has been conclusively detected so far.
Non detections of OA are in agreement with current theoretical

predictions (Totani and Panaitescu, 2002; Nakar et al., 2002; Zou
et al., 2007; Rossi et al., 2008; Metzger et al., 2015). However, these
works extrapolated the properties of a few known GRB afterglows
(supposed to be observed on-axis) as a function of viewing angle
(i.e. to the population of orphans) (e.g. Totani and Panaitescu, 2002).
Another approach was to assume basic prescriptions for the known
GRB population properties and/or for the afterglow emissionmodel
(e.g. Zou et al., 2007).
Ghirlanda et al. (2013a) recently developed a population synthe-

sis code which, coupled with the most detailed model for the af-
terglow emission (van Eerten et al., 2012), allowed Ghirlanda et al.
(2014) to predict the properties of the population of OA reproducing
a large set of observed properties of the population of the “Earth–
pointed” GRBs. They considered the radio band predicting that the
Square Kilometer Array (SKA), reaching the µJy flux limit, could see
up to∼0.2–1.5 OA deg−2 yr−1 (Ghirlanda et al., 2014). Alternatively,
the non detection of OA could be due to the structure of the jet (Rossi
et al., 2008; Salafia et al., 2015).
We are entering the era of large synoptic surveys which will mon-

itor large portions of the (if not the whole) sky with unprecedented
sensitivities. OA are potentially in the list of transients that these
surveys will detect, but specific predictions on the rate depend on
the true rate of the population of OA (and also their duration) and
on the survey characteristics (area of the sky covered, timescales,
limiting flux). In Ghirlanda et al. (2015b, see Chp.7) we derive the
flux distribution of OA in the X–ray, Optical and mm Radio band
based on the recent population synthesis code developed in Ghir-
landa et al. (2013a). We also study the average duration of the popu-
lation of OA as a function of the survey limiting flux. We computed
the emission properties of the population of orphan afterglows in
the optical and X–ray band comparing our results with current lim-
its of OA in these bands and make predictions for on–going and
forthcoming surveys.
What is new in our model is that we predict the properties of OA

based on the observed properties of GRBs in the γ–ray band con-
sidering as constraints the flux and fluence distribution of the pop-
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ulation of GRBs detected by Swift, BATSE and Fermi. Since the γ–
ray energy detected in the prompt emission is a proxy of the kinetic
energy driving the afterglow deceleration, our simulated popula-
tion of bursts includes both high and low kinetic power bursts. The
choice to reproduce the afterglow flux distribution of the complete
BAT6 sample of Swift bursts, despite being composed by relatively
bright events, ensures that we are extending the flux distribution of
the synthetic GRB population to the low end better than what could
be done with the limited number of GRBs detected in the pre–Swift
era.
We have assumed that GRBs have a jet with a top–hat uniform

structure, i.e. the kinetic energy and the bulk Lorentz factor are
constant within the jet opening angle. In this scenario, orphan af-
terglows are naturally expected to dominate the number of GRBs
in the Universe (considering a typical jet opening angle of few de-
grees). Even if the top–hat uniform jet emission can be seen when
θv ≥ θj, its flux decreases drastically for off–axis observers so that we
can consider valid the approximation so far understated that we do
see the prompt emission only of GRBs whose uniform jet is pointed
towards the Earth (i.e. when θv ≤ θj). In the structured jet model,
instead, there is always a portion of the jet that is pointing to the
observer. Therefore, the observed GRB properties depend only on
the viewing angle θv so that orphan afterglows should not exist in
principle, since even at large angles from the jet there is jet emis-
sion that can be seen (Salafia et al., 2015). However, also in this
scenario OA could still be present if either the prompt emission at
large angles is below any detector threshold or if the jet is uniform
within a relatively narrow core and highly structured (i.e. with a
steeply decreasing energy profile) outside it, as suggested by recent
results from the modelling of the luminosity function (Pescalli et al.,
2015). In this model the detection rates of OA would be, anyway,
smaller than in the top–hat model adopted here as shown in Rossi
et al. (2008).
Our model allows us to predict the expected rate of detection of

OA in past, current and future optical and X–ray surveys. For a
similar work for the radio band see Ghirlanda et al. (2014) (see also
Metzger et al. (2015)). Most past and on–going optical surveys have
small chances to detect OA. Among these, the Palomar Transient
Factory (PTF – Law et al. (2009)) could marginally see one OA per
year (consistent with Rau et al., 2009, predictions) given its relatively
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low sensitivity compensated by the large portion of the sky covered
per night (103 deg2). Instead, according to our model, an optical
survey like that of Pan–STARRS1 which will cover 6000 deg2 per
night could already detect a dozen of OA per year. Larger detection
rates are expected for the forthcoming development of the PTF sur-
vey. The Zwicky Transient Facility (Bellm, 2014), which is designed
specifically for transients discovery, will cover about 22500 deg−2

per night down to a limiting magnitude ∼20.5. We expect that it
will detect ∼20 OA yr−1. A considerably larger number of OA will
be accessible by the Large Synoptic Sky Telescope survey (LSST –
Ivezic et al., 2008a). The telescope will have a 9.6 deg2 field of view
and will be able to survey 104 deg2 of the sky every three nights
down to a limiting magnitude for point sources R ∼24.5. With these
parameters we estimate it could detect 50 OA yr−1.
Given the depth of forthcoming optical surveys we expect that

OA will have a typical redshift z ∼2. At such distances the typical
GRB host galaxy should be fainter than the LSST limitingmagnitude
(Hjorth et al., 2012).
The difficulty will be to disentangle these OA from other (galactic

and extragalactic) transients that will be detected with similar flux
and temporal behaviour. The follow up in the optical and X–ray will
secure the sampling of the light curve which could be the first hint
to the OA nature (with respect to potential other extragalactic tran-
sients like supernovae and blazars). The availability of dedicated
facilities or assigned observing time at different ground based fa-
cilities will be crucial in this respect. Optical/NIR spectroscopy will
discriminate extragalactic transients (e.g. Gorosabel et al., 2002), low
frequency (mm and Radio bands) observations1 could be used to
distinguish among possible competing transients sources. For par-
ticularly low redshift transients, the search for the host galaxy could
also provide further clues on their nature.
In this work, we also computed the OA flux cumulative distribu-

tion at the reference frequency of 443 GHz which is one of the fre-
quencies covered by e.g. ALMA. We have verified that the few hun-
dred GHz range is where OA are brightest considering the typical
timescales when they become visible. The Herschel/SPIRE survey
ATLAS, one of the widest covering a total of 500 deg2, is limited by
the confusion limit of 5–7 mJy at 250–500 µm so that we expect less

1The LSST will start operating approximately in the same period of the Square Kilometer Array
(SKA).
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than 0.1 OA yr−1. Spitzer SWIRE observed six fields in the north-
ern and southern sky with typical areas between∼4.2 deg2 and∼12
deg2 with higher sensitivities of few tens of µJy in the low frequen-
cies channels (IRAC) at 3.6µm and 4.5µm. These fields were cov-
ered on different timescales between 1 and 6 days. According to our
model we expect a rate of less than one OA per year in such fields
above the deepest flux limits of this survey.
Among forthcoming X–ray surveyswe consider the extended RO-

entgen Survey with the Imaging Telescope Array (eROSITA – Mer-
loni 2012) which will cover the full sky up to 10 keV with a flux
limit ∼ 2 × 10−14 erg−1 cm−2 s−1 in the 0.5–2 keV band. There-
fore, ∼ 3× 10−3 deg−2 yr−1 OA should be reachable by this survey.
According to the planned scanning strategy, a full circle of width
2 degree will be covered every four hours. This corresponds to ∼
4320 deg2 day−1. The expected OA number is ∼26 yr−1 (but see
also Khabibullin et al., 2012). A larger number of OA (by a factor 2)
could be reached by the WFXT survey (e.g. Rosati et al., 2011).

GRBs light–curves show variability timescales as short as few mil-
liseconds (Bhat et al., 1992; Walker et al., 2000; MacLachlan et al.,
2013), appearing as a sequence of “prompt emission pulses” (PP her-
after) (Fishman et al., 1993; Bhat et al., 2012). Thanks to the early
follow up by the X Ray Telescope (XRT - 0.3–10 keV) onboard Swift
(Gehrels et al., 2004), it has been shown that large amplitude “X–ray
flares” (XRF, hereafter) are often superimposed to the “canonical”
afterglow emission (Chincarini et al., 2007, 2010; Falcone et al., 2007).
Sometimes, X–ray flares can occur even one day after the γ–ray trig-
ger (Bernardini et al., 2011).
According to the fireball model, the prompt emission of GRBs is

generated by relativistic internal shocks (IS – see Sec.2.4) produced
by shells ejected by the inner engine with random velocities (e.g.
Rees and Meszaros, 1994). In these shocks, a fraction of the total ki-
netic energy of the fireballs is converted into radiation through syn-
chrotron and inverse Compton emission. This scenario can produce
the highly variable light–curve of the prompt emission (Kobayashi
et al., 1997). Shocks produced by the deceleration of the 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 (from the optical to the radio) afterglow emission. How-
ever, over–densities of the circum burst medium (CBM) could also
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produce a variable light–curve (e.g. Nakar and Piran, 2003).
While IS, being produced by shells with slightly different ran-

dom velocities, are expected to occur at a constant distance from the
central engine, in ES the radius where shocks occur increases due
to the expansion of the outflow in the CBM. As a consequence, IS
should differ from ES in producing pulses whose duration is not
correlated with their time of occurrence. No correlation between
the duration and the occurrence time of a pulse of BATSE GRBs
was found (Ramirez-Ruiz and Fenimore, 2000). This favoured the
IS mechanism.

Swift observed X–ray pulses in the 0.3–10 keV energy range (cal-
led flares) which show a duration increasing with time (Chincar-
ini et al., 2010; Yi et al., 2016; Kocevski et al., 2007). This prop-
erty may be consistent with an ES scenario. However, XRFs have
spectral properties (e.g. hard to soft evolution and harder spectral
shape than the underlying afterglow component) similar to those of
PP (Chincarini et al., 2006, 2007, 2010; Falcone et al., 2006; Margutti
et al., 2010) and might be due to IS (Chincarini et al., 2007; Curran
et al., 2008). The nature of XRFs is challenging for current mod-
els: they might demand a long–lived (hours) central engine (e.g. Yu
et al., 2015c) or they could hint to short lived central engine emitting
slower shells which dissipate their energy via IS at later times (e.g.
Lazzati and Perna, 2007). Distinguishing between these two scenar-
ios leads to important implications for the physics of the GRB central
engine.
One leading question is whether X–ray flares and prompt emis-

sion pulses share the same origin and if they are preferentially pro-
duced by IS or ES (the latter due to the interactionwith over–densities
in the CBM). To answer these questions, in Pescalli et al. (2017 – re-
cently submited to MNRAS) we consider the possible dependence
of the pulse width with time along GRBs combining prompt emis-
sion pulses with X–ray flares. We derive, under the simplest IS and
ES scenarios, the expected relation between the pulse duration and
its time of occurrence and compare with observations (see Chp.9).
It is known that prompt emission pulses do not show an increase

of the pulse width with time (Ramirez-Ruiz and Fenimore, 2000).
XRF, instead, show a nearly linear increase of their width with time
(Chincarini et al., 2010; Yi et al., 2016; Kocevski et al., 2007).
Internal shocks predict that the dissipation of energy between

shells coastingwith slightly different bulk Lorentz factor should pro-
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duce random pulses with duration uncorrelated with their time of
occurrence. On the other hand, the flare width has been observed
to increase with time and considered so far a signature in favour
of an external origin. In this scenario, the production of flares oc-
curs in the interaction of a decelerating blast wave with ISM over–
densities located at increasing distance from the central engine. In
these two scenarios, what determines whether the pulse duration
increases with time or not is the dissipation at increasing radii (as in
external shocks) or at a constant distance (as in internal shocks).
We verified (see Sec.9.1 for the results and the details of the meth-

ods adopted) using two independent samples of prompt emission
pulses (pulses obtained by the deconvolution of bright Fermi bursts
– from Bhat et al. (2012) – and a sample of 100 GRBs with redshift
whose light–curves were analyzed in this work) that prompt emis-
sion pulses show no correlation between their duration and their
time of occurrence. This confirms what obtained by Ramirez-Ruiz
and Fenimore (2000) with the BATSE data. Despite the emission
during the prompt phase is highly variable, it can be described as
the emission due to internal shocks occurring almost at the same
distance from the central engine.
XRFs, instead, exhibit an (almost linear) increase of their duration

with time (see Fig.9.2). Moreover, their peak luminosity Lp anti–
correlates with the peak time tpeak: for early flares (tpeak < 1000 s,
Chincarini et al., 2010; Margutti et al., 2011) Lp ∝ t−2.7 and becomes
shallower Lp ∝ t−1.7 for late flares (Bernardini et al., 2011). As a
consequence, (as noted by Margutti et al., 2011) the energy released
during the flares should scale as t−1.7 (t−0.7 for late time flares).
The origin of XRFs has been debated in the literature. Tempo-

ral and spectral properties of XRFs lead different authors to ascribe
them to internal–like dissipation due to the late time activity of the
inner engine (Falcone et al., 2006, 2007; Lazzati and Perna, 2007;
Maxham and Zhang, 2009; Lazzati et al., 2011). Alternatively, XRFs
could be produced by external shocks with over–dense regions of
the ISM (e.g. Wang and Loeb, 2000; Lazzati et al., 2002; Heyl and
Perna, 2003) or by the long–lived reverse shock interacting with the
tail of the ejecta (Hascoet et al., 2015).
In this work we considered the possibility that also XRF are pro-

duced by internal shocks between shells emitted with a certain ini-
tial separation and a certain (even small) temporal delay with re-
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spect the prompt shell. If these shells are characterized by small
values of αΓ, the time of their encounter is delayed (and therefore
the shock development). Later flares last longer and are less effi-
cient in emitting radiation. We derived the expected duration and
released energy of flares in function of their occurrence time. We
compared this theoretical model with the observational data find-
ing good agreement. These results, shown by the red model curves
in Fig.9.5 and Fig.9.6, are consistent with the distribution of data in
these planes. In this scenario the leading parameter is the relatively
low ratio between the shells’ Lorentz factors, parametrized by αΓ.
The asymptotic behaviour of the model in the Eiso − tpeak energy–
occurrence time plane, for small αΓ, is approximately t−2 in agree-
ment with the E ∝ Lp∆t ∝ t−1.7 (also marginally shown by the data
points). This behavior also seems to explain the shape of the left
boundary of the distribution in the region populated by XRF with
low energies and peak time.
In this way we showed that it is possible to explain the energetic

and temporal properties of X–ray flares as the result (under appro-
priate assumptions) of “classical” internal shocks between fireball
ejected during the prompt emission phase. We do not require that
the inner engine is active until late times: late flares, characterized
by smaller energies, can be produced by relativistic shocks between
fireballs with Lorentz factor ratio αΓ very close to one. This result
confirms what has been previously found by Barraud et al. (2005)
through numerical simulations.

The spectrum characterizing the prompt emission of GRBs is typ-
ically non–thermal. Within the standard model, the synchrotron
is the leading radiation mechanism adopted to interpret and ex-
plain GRB prompt emission (Meszaros and Rees, 1993a,b; Rees and
Meszaros, 1994; Sari et al., 1996, 1998). This is themost natural mech-
anism involving accelerated electrons into intense magnetic fields
and it is found to successfully interpret the afterglows emission (Pa-
czynski and Rhoads, 1993; Katz, 1994).
Despite many of the observed GRB spectra are consistent with

this interpretation (Tavani, 1996; Cohen et al., 1997), the synchrotron
model encounters difficulties in explaining some cases that violate
the so–called synchrotron line–of–death (Preece et al., 1998). The
predicted spectral index at low energy in the standard synchrotron
model (in the fast–cooling regime) should not exceed the value−3/2
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(−2/3 if the cooling is inefficient – see Preece et al. 1998; Ghisellini
et al. 2000). Despite this theoretical limit a good portion of GRBs
seem to violate it (Preece et al., 1998; Ghirlanda et al., 2003, 2002;
Kaneko et al., 2006; Nava et al., 2011; Goldstein et al., 2012; Lien
et al., 2016), having in average spectral indexes∼ −1 or even harder
than −2/3 in some cases.
There are many solutions proposed in the literature that interpret

the observed hard spectra of GRB prompt emission adopting mod-
ifications of the synchrotron theory (Pe’er and Zhang, 2006; Zhao
et al., 2014b,a; Medvedev, 2000; Lloyd and Petrosian, 2000; Derishev
et al., 2001; Nakar et al., 2009; Daigne et al., 2011; Beniamini and Pi-
ran, 2013).
Unfortunately, all these modifications of the standard synchro-

tronmodel are almost indistinguishable by observations, since tuned
physical properties are required, making the origin of prompt emis-
sion still debated. In a recent study, Oganesyan et al. (2017) extended
the investigation of the prompt emission spectra down to the soft X–
ray band finding consistencywith synchrotron radiation from (mod-
erately) fast–cooling electrons. The question being if there exist also
GRBs observed by Fermi with a break in the low energy part of the
spectrum.
In Ravasio et al. (recently submitted for the publication to A&A)

we performed time–resolved spectroscopy of GRB160625B (see Sec.10.2),
one of the brightest GRB detected by Fermi. We find that almost
all the spectra of the main episode are well described by a dou-
ble Smoothly Broken Power–Law (2SBPL) consisting in three power
laws connected by two smooth breaks (see Fig.10.11). The use of
this model significantly improves (Ftest > 3σ) the fit obtained with
the standard SBPL model showing that the addition of a low energy
spectral break is required. Intriguingly, the indexes of the power–
laws below and above the low energy break that we find are: α1 =
−0.76 ± 0.02 and α2 = −1.51 ± 0.02 (see Fig.10.14). These values
are remarkably consistent with those predicted for the synchrotron
emission of a population of electrons that does not cool completely,
and therefore presents a low energy cutoff. This is not the only
possible explanation for the observed spectrum. In fact, the spec-
tral hardening below Ebreak could be produced by adding a black
body component to a typical single break spectrum (as also shown
by Zhang et al., 2016; Wang et al., 2017; Lü et al., 2017). Despite this
additional emission component is expected within the standard fire-
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ball scenario, in such a case it must be fine tuned in order to mimic
low energy break, and this fine tuning must be present in each of the
time–resolved spectra we analyzed. Our results thus suggests that
the observed GRB prompt spectrum is due to synchrotron emission.
If we associate the Ebreak (typically∼ 100 keV) found in our analysis
to the νcool of the electrons population, the implied magnetic field is
too small with respect to the typically expected value in the emis-
sion region (see Sec.10.2.4). This problem can be alleviated consid-
ering e.g. a regime of “moderately" fast cooling and some solutions
have been proposed such as a decaying magnetic field (Zhao et al.,
2014a). However, further investigation and a revision of the stan-
dard prompt emission model seems necessary.
The thermal emission is predicted when the relativistically ex-

panding fireball releases the internal photons at the transparency ra-
dius (e.g. Goodman, 1986; Paczynski, 1986; Daigne andMochkovitch,
1998). Nevertheless, the GRBs spectrum is found to be consistent
with a black body spectrum only in rare cases (Ghirlanda et al., 2003;
Bosnjak et al., 2006; Ryde, 2004; Ghirlanda et al., 2013b) and the ma-
jority of GRBs present a non–thermal spectrum.
The few GRBs exhibiting BB spectrum represent a fundamental

tool to investigate the origin of the thermal component, its evolu-
tion and the basic properties of the relativistic outflow. The detec-
tion of a BB spectrum in GRBs allows us to estimate (Pe’er et al.,
2007) fundamental parameters of the fireball like the transparency
radius RT, the bulk Lorentz factor ΓT at transparency and the ra-
dius at the base of the relativistic flow R0 where the acceleration
began (see. Sec.2.3). Clearly, when only the thermal component is
observed, these estimates depend on a lower number of free param-
eters (since no modeling of the non–thermal component is required
in these cases). Interestingly, it should be explained why in this
kind of bursts the non–thermal emission (typically ascribed to syn-
chrotron/inverse Compton emission at internal shocks) is absent:
either it could be highly inefficient or there should be a mechanism
suppressing this process.
In Nappo et al. (2017) we performed the time–resolved spectral

analysis of the prompt emission of GRB151027A (see Sec.10.1). The
first two peaks have a standard non–thermal behaviour while the
third peak shows a statistically significant BB component (provid-
ing up to 35% of the total luminosity in the [0.3− 1000] keV band)
at low energies superimposed on a cutoff power–law. In this work
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we discussed the possible origin of this thermal radiation. Since the
radius and the luminosity of the blackbody emission were too large
to be interpreted as the photospheric emission of a standard fire-
ball model, we explored a reborn fireball scenario (Ghisellini et al.,
2007a) in which the thermal radiation is produced by the energy dis-
sipation due to the collision of a relativistic shell with a more mas-
sive, optically thick, slower one.
These bursts are exceptionally informative but open additional

questions. GRB160625B presents a spectrum consistent with syn-
chrotron emissionwhile GRB151027A has a thermal componentwhich
evolves independently from the non-thermal one. These two cases
suggest that both non–thermal and thermal emission may have a
role in GRB prompt emission. The incidence of these emission com-
ponent (which might point to different jet compositions) need still
to be explored by extending the present analysis to larger samples
and, as shown in the case of GRB160625B, by implementing proper
models (possibly more physically based) for the emission spectrum.
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1. From the earliest pulses to the latest flares in long GRBs
Pescalli,A., Ronchi, M., Ghirlanda, G., Ghisellini, G., 2017, Sub-
mitted to Monthly Notices of the Royal Astronomical Society

The prompt emission of Gamma Ray Bursts extends from the
early pulses observed in γ–rays (> 15 keV) to very late flares
of X–ray photons (0.3− 10 keV). The duration of prompt γ–ray
pulses is rather constant while the width of X–ray flares corre-
lates with their peak time suggesting a possible different ori-
gin. However, pulses and flares have similar spectral proper-
ties. Considering internal and external shock scenarios, we de-
rive how the energy and duration of pulses scale with their time
of occurrence and we compare with observations. The absence
of an observed correlation between prompt emission pulse du-
ration and its time of occurrence favours an “internal” origin
and confirms the earlier results of Ramirez–Ruiz & Fenimore.
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. These results relax the requirement of a long
lasting central engine to explain the latest X–ray flares.

2. Consistency with synchrotron emission in the bright GRB 160625B
observed by Fermi
Ravasio, M. E., Oganesyan, G., Ghirlanda, G., Nava, L., Ghisel-
lini, G., Pescalli, A., Celotti, A., 2017, Submitted to Astronomy
& Astrophysics

We present time resolved spectral analysis of the prompt emis-
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sion from GRB 160625B, one of the brightest bursts detected by
Fermi in its 9 years of operations. 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 spectral break is lo-
cated around Ebreak ∼100 keV, while at 0.5 − 6MeV the spec-
trum displays the usual νFν peak energy feature Epeak. The
slopes below and above Ebreak are consistent with the values
–0.7 and –1.5, respectively, expected from synchrotron emis-
sion produced by a relativistic electron population with a low
energy cut–off. The small ratio between Epeak and Ebreak im-
plies that the radiative cooling is incomplete, contrary to what
expected in strongly magnetized and compact emitting regions.
These results demand a revision of the so–called fireball stan-
dard model of Gamma–ray bursts.

3. The 999th Swift gamma-ray burst: Some like it thermal
Nappo, F., Pescalli, A., Oganesyan, G., Ghirlanda, G., Giro-
letti, M., Melandri, A., Campana, S., Ghisellini, G., Salafia, O. S.,
D’Avanzo, P., Bernardini, M. G., Covino, S., Carretti, E., Celotti,
A., D’Elia, V., Nava, L., Palazzi, E., Poppi, S., Prandoni, I., Righ-
ini, S., Rossi, A., Salvaterra, R., Tagliaferri, G., Testa, V., Venturi,
T., Vergani, S. D., 2017, Astronomy & Astrophysics, 598, A23

We present a multi–wavelength study of GRB151027A. This is
the 999th Gamma Ray Burst detected by the Swift satellite and it
has a densely sampled emission in the X–ray and optical band
and has been observed and detected in the radio up to 140 days
after the prompt. The multi–wavelength light curve from 500
seconds to 140 days can be modeled through a standard for-
ward shock afterglow but requires an additional emission com-
ponent to reproduce the early X–ray and optical emission. We
present TNG and LBT optical observations performed 19.6, 33.9
and 92.3 days after the trigger which show a bumpwith respect
to a standard afterglow flux decay and are possibly interpreted
as due to the underlying supernova and host galaxy (at a level
of ∼ 0.4 µJy in the optical R band, RAB ∼ 25). Radio observa-
tions, performed with the Sardinia Radio Telescope and Medic-
ina in single dish mode and with the European VLBI Network
and Very Long Baseline Array, between day 4 and 140 suggest
that the burst exploded in an environment characterized by a
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density profile scaling with the distance from the source (wind
profile). A remarkable feature of the prompt emission is the
presence of a bright flare 100 s after the trigger, lasting ∼70
seconds in the soft X–ray band, which was simultaneously de-
tected from the optical band up to the MeV energy range. By
combining Swift–BAT/XRT and Fermi–GBM data, the broad-
band (0.3–1000 keV) time resolved spectral analysis of the flare
reveals the coexistence of a non–thermal (power law) and ther-
mal blackbody components. The blackbody component con-
tributes up to 35% of the luminosity in the 0.3–1000 keV band.
The γ–ray emission observed in Swift–BAT and Fermi–GBM an-
ticipates and lasts less than the soft X–ray emission as observed
by Swift–XRT, arguing against a Comptonization origin. The
blackbody component could either be produced by an outflow
becoming transparent or by the collision of a fast shell with a
slow, heavy and optically thick fireball ejected during the qui-
escent time interval between the initial and later flares of the
burst.

4. Light curves and spectra from off–axis gamma–ray bursts
Salafia, O.S., Ghisellini, G., Pescalli, A., Ghirlanda, G., Nappo,
F., 2016, Monthly Notices of the Royal Astronomical Society,
461, 3607

If gamma-ray burst prompt emission originates at a typical ra-
dius, and if material producing the emission moves at relativis-
tic speed, then the variability of the resulting light curve de-
pends on the viewing angle. This is due to the fact that the pulse
evolution time-scale is Doppler contracted, while the pulse sep-
aration is not. For off-axis viewing angles θview " θjet + Γ−1,
the pulse broadening significantly smears out the light-curve
variability. This is largely independent of geometry and emis-
sion processes. To explore a specific case, we set up a simple
model of a single pulse under the assumption that the pulse
rise and decay are dominated by the shell curvature effect. We
show that such a pulse observed off-axis is (i) broader, (ii) softer
and (iii) displays a different hardness-intensity correlation with
respect to the same pulse seen on-axis. For each of these ef-
fects, we provide an intuitive physical explanation. We then
show how a synthetic light curve made by a superposition of
pulses changes with increasing viewing angle. We find that a
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highly variable light curve (as seen on-axis) becomes smooth
and apparently single-pulsed (when seen off-axis) because of
pulse overlap. To test the relevance of this fact, we estimate the
fraction of off-axis gamma-ray bursts detectable by Swift as a
function of redshift, finding that a sizeable fraction (between 10
per cent and 80 per cent) of nearby (z < 0.1) bursts are observed
with θview " θjet + Γ−1. Based on these results, we argue that
low-luminosity gamma-ray bursts are consistent with being or-
dinary bursts seen off-axis.

5. Short gamma-ray bursts at the dawn of the gravitational wave era
Ghirlanda, G., Salafia, O. S., Pescalli, A., Ghisellini, G., Sal-
vaterra, R., Chassande-Mottin, E., Colpi, M., Nappo, F., D’Avanzo,
P., Melandri, A., Bernardini, M. G., Branchesi, M., Campana,
S., Ciolfi, R., Covino, S., Götz, D., Vergani, S. D., Zennaro, M.,
Tagliaferri, G., 2016, Astronomy & Astrophysics, 594, 84,

We derive the luminosity function φ(L) and redshift distribu-
tionΨ(z) of short gamma-ray bursts (SGRBs) using all the avail-
able 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 complete sam-
ple of SGRBs detected by Swift. We show that a steep φ(L) ∝
L−α with α ≥ 2.0 is excluded if the full set of constraints is con-
sidered. We implement a Markov chain Monte Carlo method to
derive the φ(L) and Ψ(z) functions assuming intrinsic Ep− Liso
and Ep − Eiso correlations to hold or, alternatively, that the dis-
tributions of intrinsic peak energy, luminosity, and duration are
independent. To make our results independent from assump-
tions on the progenitor (NS-NS binary mergers or other chan-
nels) and from uncertainties on the star formation history, we
assume a parametric form for the redshift distribution of the
population of SGRBs. We find that a relatively flat luminosity
function with slope ∼ 0.5 below a characteristic break lumi-
nosity ∼ 3× 1052 erg s−1 and a redshift distribution of SGRBs
peaking at z ∼ 1.5− 2 satisfy all our constraints. These results
also hold if no Ep − Liso and Ep − Eiso correlations are assumed
and they do not depend on the choice of theminimum luminos-
ity of the SGRB population. We estimate, within∼ 200Mpc (i.e.
the design aLIGO range for the detection of gravitational waves
produced by NS-NS merger events), that there should be 0.007-
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0.03 SGRBs yr−1 detectable as γ-ray events. Assuming current
estimates of NS-NS merger rates and that all NS-NS mergers
lead to a SGRB event, we derive a conservative estimate of the
average opening angle of SGRBs 〈θjet〉 ∼ 3◦ − 6◦. The lumi-
nosity function implies a prompt emission average luminosity
〈L〉 ∼ 1.5× 1052 erg s−1, higher by nearly two orders of mag-
nitude than previous findings in the literature, which greatly
enhances the chance of observing SGRB “orphan” afterglows.
Effort should go in the direction of finding and identifying such
orphan afterglows as counterparts of GW events.

6. Searching for narrow absorption and emission lines in XMM–Newton
spectra of gamma–ray bursts
Campana, S., Braito, V., D’Avanzo, P., Ghirlanda, G., Melandri,
A., Pescalli, A., Salafia, O. S., Salvaterra, R., Tagliaferri, G., Ver-
gani, S. D., 2016, Astronomy & Astrophysics, 592, 85

We present the results of a spectroscopic search for narrow emis-
sion and absorption features in the X–ray spectra of long gamma–
ray burst (GRB) afterglows. Using XMM–Newton data, both
EPIC and RGS spectra, of six bright (fluence > 10−7 erg cm−2)
and relatively nearby (z = 0.54 − 1.41) GRBs, we performed
a blind search for emission or absorption lines that could be
related to a high cloud density or metal–rich gas in the envi-
ronment close to the GRBs. We detected five emission features
in four of the six GRBs with an overall statistical significance,
assessed through Monte Carlo simulations, of ≤ 3.0σ. Most of
the lines are detected around the observed energy of the oxy-
gen edge at ∼ 0.5 keV, suggesting that they are not related to
the GRB environment but are most likely of Galactic origin. No
significant absorption features were detected. A spectral fitting
with a free Galactic column density (NH) testing different mod-
els for the Galactic absorption confirms this origin because we
found an indication of an excess of Galactic NH in these four
GRBs with respect to the tabulated values.

7. Are long gamma–ray bursts biased tracers of star formation? Clues
from the host galaxies of the Swift/BAT6 complete sample of bright
LGRBs. II. Star formation rates and metallicities at z < 1
Japelj, J., Vergani, S. D., Salvaterra, R., D’Avanzo, P., Mannucci,
F., Fernandez–Soto, A., Boissier, S., Hunt, L. K., Atek, H., Rodriguez-
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Munoz, L., Scodeggio, M., Cristiani, S., Le Floc’h, E., Flores, H.,
Gallego, J., Ghirlanda, G., Gomboc, A., Hammer, F., Perley, D.
A., Pescalli,A., Petitjean, P., Puech, M., Rafelski, M., Tagliaferri,
G., 2016, Astronomy & Astrophysics, 590, 129

Aims: Long gamma–ray bursts (LGRBs) are associated with the
deaths of massive stars and might therefore be a potentially
powerful tool for tracing cosmic star formation. However, espe-
cially at low redshifts (z < 1.5) LGRBs seem to prefer particular
types of environment. Our aim is to study the host galaxies of
a complete sample of bright LGRBs to investigate the effect of
the environment on GRB formation.

Methods: We studied host galaxy spectra of the Swift/BAT6 com-
plete sample of 14 z < 1 bright LGRBs. We used the detected
nebular emission lines to measure the dust extinction, star for-
mation rate (SFR), and nebular metallicity (Z) of the hosts and
supplemented the data set with previously measured stellar
masses M⋆. The distributions of the obtained properties and
their interrelations (e.g. mass–metallicity and SFR − −M⋆ rela-
tions) are compared to samples of field star–forming galaxies.

Results: We find that LGRB hosts at z < 1 have on average lower
SFRs than if they were direct star formation tracers. By directly
comparing metallicity distributions of LGRB hosts and star–
forming galaxies, we find a good match between the two popu-

lations up to 12+ log
(

O
H

)

∼ 8.4− 8.5, after which the paucity
of metal–rich LGRB hosts becomes apparent. The LGRB host
galaxies of our complete sample are consistent with the mass–
metallicity relation at similar mean redshift and stellar masses.
The cutoff against high metallicities (and high masses) can ex-
plain the low SFR values of LGRB hosts. We find a hint of an in-
creased incidence of starburst galaxies in the Swift/BAT6 z < 1
sample with respect to that of a field star–forming population.
Given that the SFRs are low on average, the latter is ascribed to
low stellar masses. Nevertheless, the limits on the completeness
andmetallicity availability of current surveys, coupled with the
limited number of LGRB host galaxies, prevents us from inves-
tigating more quantitatively whether the starburst incidence is
such as expected after taking into account the high–metallicity
aversion of LGRB host galaxies.
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8. The rate and luminosity function of long gamma ray bursts
Pescalli, A., Ghirlanda, G., Salvaterra, R., Ghisellini, G., Ver-
gani, S. D., Nappo, F., Salafia, O. S., Melandri, A., Covino, S.,
Götz, D., 2016, Astronomy & Astrophysics, 587, A40

We derive, adopting a direct method, the luminosity function
and the formation rate of long Gamma Ray Bursts through a
complete, flux-limited, sample of Swift bursts which has a high
level of completeness in redshift z (∼ 82%). We parametrise
the redshift evolution of the GRB luminosity as L = L0(1+ z)k

and we derive k = 2.5, consistently with recent estimates. The
de-evolved luminosity function φ(L0) of GRBs can be repre-
sented by a broken power lawwith slopes a = −1.32± 0.21 and
b = −1.84± 0.24 below and above, respectively, a break lumi-
nosity L0,b = 1051.45±0.15 erg/s. Under the hypothesis of lumi-
nosity evolution we find that the GRB formation rate increases
with redshift up to z ∼ 2, where it peaks, and then decreases in
agreement with the shape of the cosmic star formation rate. We
test the direct method through numerical simulations and we
show that if it is applied to incomplete (both in redshift and/or
flux) GRB samples it can misleadingly result in an excess of the
GRB formation rate at low redshifts.

9. Structure of gamma–ray burst jets: intrinsic versus apparent proper-
ties
Salafia, O.S., Ghisellini, G., Pescalli, A., Ghirlanda, G., Nappo,
F., 2015, Monthly Notices of the Royal Astronomical Society,
450, 3549

With this paper we introduce the concept of apparent struc-
ture of a gamma-ray burst (GRB) jet, as opposed to its intrin-
sic structure. The latter is customarily defined specifying the
functions ǫ(θ) (the energy emitted per jet unit solid angle) and
Γ(θ) (the Lorentz factor of the emitting material); the apparent
structure is instead defined by us as the isotropic equivalent
energy Eiso(θv) as a function of the viewing angle θv. We show
how to predict the apparent structure of a jet given its intrin-
sic structure. We find that a Gaussian intrinsic structure yields
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a power-law apparent structure: this opens a new viewpoint
on the Gaussian (which can be understood as a proxy for a re-
alistic narrow, well-collimated jet structure) as a possible can-
didate for a quasi-universal GRB jet structure. We show that
such a model (a) is consistent with recent constraints on the ob-
served luminosity function of GRBs; (b) implies fewer orphan
afterglows with respect to the standard uniform model; (c) can
break out the progenitor star (in the collapsar scenario) without
wasting an unreasonable amount of energy; (d) is compatible
with the explanation of the Amati correlation as a viewing an-
gle effect; (e) can be very standard in energy content, and still
yield a very wide range of observed isotropic equivalent ener-
gies.

10. Unveiling the population of orphan γ-ray bursts
Ghirlanda, G., Salvaterra, R., Campana, S., Vergani, S. D., Japelj,
J., Bernardini, M. G., Burlon, D., D’Avanzo, P., Melandri, A.,
Gomboc, A., Nappo, F., Paladini, R., Pescalli, A., Salafia, O. S.,
Tagliaferri, G., 2015, Astronomy & Astrophysics, 578, A71

Gamma-ray bursts (GRBs) are detectable in the γ-ray band if
their jets are oriented toward the observer. However, for each
GRB with a typical θjet, there should be ∼ 2/θ2jet bursts whose
emission cone is oriented elsewhere in space. These off-axis
bursts can eventually be detected when, due to the decelera-
tion of their relativistic jets, the beaming angle becomes com-
parable to the viewing angle. Orphan afterglows (OAs) should
outnumber the current population of bursts detected in the γ-
ray band even if they have not been conclusively observed so
far at any frequency. We compute the expected flux of the popu-
lation of orphan afterglows in the mm, optical, and X-ray bands
through a population synthesis code of GRBs and the standard
afterglow emission model. We estimate the detection rate of
OAs with ongoing and forthcoming surveys. The average du-
ration of OAs as transients above a given limiting flux is de-
rived and describedwith analytical expressions: in general OAs
should appear as daily transients in optical surveys and asmonth-
ly/yearly transients in the mm/radio band. We find that ∼ 2
OA yr−1 could already be detected by Gaia and up to 20 OA
yr−1 could be observed by the ZTF survey. A larger number of
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50 OA yr−1 should be detected by LSST in the optical band.
For the X-ray band,∼ 26 OA yr−1 could be detected by the
eROSITA. For the large population of OA detectable by LSST,
the X-ray and optical follow up of the light curve (for the bright-
est cases) and/or the extensive follow up of their emission in
the mm and radio band could be the key to disentangling their
GRB nature from other extragalactic transients of comparable
flux density.

11. Luminosity function and jet structure of Gamma-Ray Burst
Pescalli, A., Ghirlanda, G., Salafia, O.S., Ghisellini, G., Nappo,
F., Salvaterra, R., 2015, Monthly Notices of the Royal Astronom-
ical Society, 447, 1911

The structure of gamma-ray burst (GRB) jets impacts on their
prompt and afterglow emission properties. The jet of GRBs
could be uniform, with constant energy per unit solid angle
within the jet aperture, or it could be structured, namely with
energy and velocity that depend on the angular distance from
the axis of the jet. We try to get some insight about the still
unknown structure of GRBs by studying their luminosity func-
tion. We show that low (1046−48 erg s−1) and high (i.e. with
L ≥ 1050 erg s−1) luminosity GRBs can be described by a unique
luminosity function, which is also consistent with current lower
limits in the intermediate luminosity range (1048−50 erg s−1).
We derive analytical expressions for the luminosity function of
GRBs in uniform and structured jet models and compare them
with the data. Uniform jets can reproduce the entire luminos-
ity function with reasonable values of the free parameters. A
structured jet can also fit adequately the current data, provided
that the energy within the jet is relatively strongly structured,
i.e. E ∝ θ−k with k ≥ 4. The classical E ∝ θ−2 structured jet
model is excluded by the current data.

12. Gamma-ray burst jets: uniform or structured?
Salafia, O. S., Pescalli, A., Nappo, F., Ghisellini, G., Ghirlanda,
G., Salvaterra, R., Tagliaferri, G., 2014, Proceedings of Swift: 10
Years of Discovery (SWIFT 10)

The structure of Gamma-Ray Burst (GRB) jets impacts on their
prompt and afterglow emission properties. Insights into the
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still unknown structure of GRBs can be achieved by studying
howdifferent structures impact on the luminosity function (LF):
i) we show that low (1046 < Liso < 1048 erg/s) and high (i.e.
with Liso > 1050 erg/s) luminosity GRBs can be described by a
unique LF; ii) we find that a uniform jet (seen on- and off-axis)
as well as a very steep structured jet (i.e. ε(θ) ∝ θ−s with s > 4)
can reproduce the current LF data; iii) taking into account the
emission from the whole jet (i.e. including contributions from
mildly relativistic, off-axis jet elements) we find that Eiso(θv)
(we dub this quantity “apparent structure”) can be very differ-
ent from the intrinsic structure ε(θ): in particular, a jet with a
Gaussian intrinsic structure has an apparent structure which is
more similar to a power law. This opens a new viewpoint on
the quasi-universal structured jet hypothesis.

13. Photospheric emission throughout GRB 100507 detected by Fermi
Ghirlanda, G., Pescalli, A. and Ghisellini, G., 2013, Monthly
Notices of the Royal Astronomical Society, 432, 3237

Gamma–ray bursts with black body spectra are only a few and
inmost cases this spectral component is accompanied by a dom-
inating non–thermal one. Only four bursts detected by Burst
And Transient Source Experiment have a pure black body spec-
trum throughout their duration. We present the new case of
GRB100507 detected by the Gamma Burst Monitor on board
the Fermi satellite. GRB100507 has a black body spectrum for
the entire duration (∼ 30 s) of the prompt emission. The black
body temperature varies between 25 and 40 keV. The flux varies
between 10−7 and 4× 10−7 erg cm−2 s−1. There is no clear ev-
idence of a correlation between the temperature and the black
body flux. If the thermal emission in GRB100507 is due to the
fireballs becoming transparent, we can estimate the radius RT

and bulk Lorentz factor ΓT corresponding to this transition and
the radius R0 where the fireballs are created. We compare these
parameters with those derived for the other four bursts with a
pure black body spectrum. In all but one burst, for fiducial as-
sumptions on the radiative efficiency and distance of the sour-
ces, R0 ∼ 109 − 1010 cm, i.e. much larger than the gravitational
radius of a few solar mass black hole. Possible solutions of
this apparent inconsistency are tentatively discussed consider-
ing the dependence of R0 on the unknown parameters. Alterna-
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tively, such a large R0 could be where the fireball, still opaque,
converts most of its kinetic energy into internal energy (due to
the impact with some material left over by the progenitor star)
and starts to re–accelerate.
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A. Küpcü Yoldaş, X. F. Wu, K. Toma, J. Greiner, F. E. Olivares, A. Rowlinson, L. Am-
ati, T. Sakamoto, K. Roth, A. Stephens, A. Fritz, J. P. U. Fynbo, J. Hjorth, D. Malesani,
P. Jakobsson, K. Wiersema, P. T. O’Brien, A. M. Soderberg, R. J. Foley, A. S. Fruchter,
J. Rhoads, R. E. Rutledge, B. P. Schmidt, M. A. Dopita, P. Podsiadlowski, R. Willingale,
C. Wolf, S. R. Kulkarni, and P. D’Avanzo. A Photometric Redshift of z ˜ 9.4 for GRB
090429B. ApJ, 736:7, July 2011. doi: 10.1088/0004-637X/736/1/7.

P. A. Curran, R. L. C. Starling, P. T. O’Brien, O. Godet, A. J. van der Horst, and R. A. M. J.
Wijers. On the nature of late X-ray flares in Swift gamma-ray bursts. A&A, 487:533–538,
August 2008. doi: 10.1051/0004-6361:200809652.

F. Daigne and R. Mochkovitch. Gamma-ray bursts from internal shocks in a relativistic
wind: temporal and spectral properties. MNRAS, 296:275–286, May 1998. doi: 10.1046/
j.1365-8711.1998.01305.x.

F. Daigne and R. Mochkovitch. The expected thermal precursors of gamma-ray bursts
in the internal shock model. MNRAS, 336:1271–1280, November 2002. doi: 10.1046/j.
1365-8711.2002.05875.x.

F. Daigne and R. Mochkovitch. The low-luminosity tail of the GRB distribution: the case of
GRB 980425. A&A, 465:1–8, April 2007. doi: 10.1051/0004-6361:20066080.

F. Daigne, E. M. Rossi, and R. Mochkovitch. The redshift distribution of Swift gamma-ray
bursts: evidence for evolution. MNRAS, 372:1034–1042, November 2006. doi: 10.1111/j.
1365-2966.2006.10837.x.

F. Daigne, Ž. Bošnjak, and G. Dubus. Reconciling observed gamma-ray burst prompt spec-
tra with synchrotron radiation? A&A, 526:A110, February 2011. doi: 10.1051/0004-6361/
201015457.

P. D’Avanzo. Short gamma-ray bursts: A review. Journal of High Energy Astrophysics, 7:
73–80, September 2015. doi: 10.1016/j.jheap.2015.07.002.

246



Bibliography

P. D’Avanzo, R. Salvaterra, B. Sbarufatti, L. Nava, A. Melandri, M. G. Bernardini, S. Cam-
pana, S. Covino, D. Fugazza, G. Ghirlanda, G. Ghisellini, V. La Parola, M. Perri, S. D.
Vergani, and G. Tagliaferri. A complete sample of bright Swift Gamma-ray bursts: X-
ray afterglow luminosity and its correlation with the prompt emission. MNRAS, 425:
506–513, September 2012. doi: 10.1111/j.1365-2966.2012.21489.x.

P. D’Avanzo, R. Salvaterra, M. G. Bernardini, L. Nava, S. Campana, S. Covino, V. D’Elia,
G. Ghirlanda, G. Ghisellini, A. Melandri, B. Sbarufatti, S. D. Vergani, and G. Tagliaferri.
A complete sample of bright Swift short gamma-ray bursts. MNRAS, 442:2342–2356,
August 2014. doi: 10.1093/mnras/stu994.

R. Della Ceca, T. Maccacaro, A. Caccianiga, P. Severgnini, V. Braito, X. Barcons, F. J. Car-
rera, M. G. Watson, J. A. Tedds, H. Brunner, I. Lehmann, M. J. Page, G. Lamer, and
A. Schwope. Exploring the X-ray sky with the XMM-Newton bright serendipitous sur-
vey. A&A, 428:383–399, December 2004. doi: 10.1051/0004-6361:20040252.

E. V. Derishev, V. V. Kocharovsky, and V. V. Kocharovsky. Physical parameters and
emission mechanism in gamma-ray bursts. A&A, 372:1071–1077, June 2001. doi:
10.1051/0004-6361:20010586.

C. D. Dermer and M. Böttcher. Flash Heating of Circumstellar Clouds by Gamma-Ray
Bursts. ApJ, 534:L155–L158, May 2000. doi: 10.1086/312669.

F. Dirirsa, J. Racusin, J. McEnery, and R. Desiante. GRB 160625B: Fermi-LAT detection of a
bright burst. GRB Coordinates Network, Circular Service, No. 19580, #1 (2016), 19580, 2016.

M. Dominik, K. Belczynski, C. Fryer, D. E. Holz, E. Berti, T. Bulik, I. Mandel, and
R. O’Shaughnessy. Double Compact Objects. II. Cosmological Merger Rates. ApJ, 779:
72, December 2013. doi: 10.1088/0004-637X/779/1/72.

M. Dominik, E. Berti, R. O’Shaughnessy, I. Mandel, K. Belczynski, C. Fryer, D. E. Holz,
T. Bulik, and F. Pannarale. Double Compact Objects III: Gravitational-wave Detection
Rates. ApJ, 806:263, June 2015. doi: 10.1088/0004-637X/806/2/263.

T. Q. Donaghy. The Importance of Off-Jet Relativistic Kinematics in Gamma-Ray Burst Jet
Models. ApJ, 645:436–449, July 2006. doi: 10.1086/504255.

B. Efron and V. Petrosian. A simple test of independence for truncated data with applica-
tions to redshift surveys. ApJ, 399:345–352, November 1992. doi: 10.1086/171931.

D. Eichler andA. Levinson. An Interpretation of the hνpeak-Eiso Correlation for Gamma-Ray
Bursts. ApJ, 614:L13–L16, October 2004. doi: 10.1086/425310.

D. Eichler, M. Livio, T. Piran, and D. N. Schramm. Nucleosynthesis, neutrino bursts and
gamma-rays from coalescing neutron stars. Nature, 340:126–128, July 1989. doi: 10.1038/
340126a0.

P. A. Evans, A. P. Beardmore, K. L. Page, J. P. Osborne, P. T. O’Brien, R. Willingale, R. L. C.
Starling, D. N. Burrows, O. Godet, L. Vetere, J. Racusin, M. R. Goad, K. Wiersema, L. An-
gelini, M. Capalbi, G. Chincarini, N. Gehrels, J. A. Kennea, R. Margutti, D. C. Morris, C. J.
Mountford, C. Pagani, M. Perri, P. Romano, and N. Tanvir. Methods and results of an
automatic analysis of a complete sample of Swift-XRT observations of GRBs. MNRAS,
397:1177–1201, August 2009. doi: 10.1111/j.1365-2966.2009.14913.x.

247



Bibliography

A. D. Falcone, D. N. Burrows, D. Lazzati, S. Campana, S. Kobayashi, B. Zhang, P. Mészáros,
K. L. Page, J. A. Kennea, P. Romano, C. Pagani, L. Angelini, A. P. Beardmore, M. Capalbi,
G. Chincarini, G. Cusumano, P. Giommi, M. R. Goad, O. Godet, D. Grupe, J. E. Hill,
V. La Parola, V. Mangano, A. Moretti, J. A. Nousek, P. T. O’Brien, J. P. Osborne, M. Perri,
G. Tagliaferri, A. A. Wells, and N. Gehrels. The Giant X-Ray Flare of GRB 050502B:
Evidence for Late-Time Internal Engine Activity. ApJ, 641:1010–1017, April 2006. doi:
10.1086/500655.

A. D. Falcone, D. Morris, J. Racusin, G. Chincarini, A. Moretti, P. Romano, D. N. Burrows,
C. Pagani, M. Stroh, D. Grupe, S. Campana, S. Covino, G. Tagliaferri, R. Willingale, and
N. Gehrels. The First Survey of X-Ray Flares from Gamma-Ray Bursts Observed by
Swift: Spectral Properties and Energetics. ApJ, 671:1921–1938, December 2007. doi: 10.
1086/523296.

C. Firmani, V. Avila-Reese, G. Ghisellini, and A. V. Tutukov. Formation Rate, Evolving
Luminosity Function, Jet Structure, and Progenitors for Long Gamma-Ray Bursts. ApJ,
611:1033–1040, August 2004. doi: 10.1086/422186.

C. Firmani, G. Ghisellini, G. Ghirlanda, and V. Avila-Reese. A new method optimized to
use gamma-ray bursts as cosmic rulers. MNRAS, 360:L1–L5, June 2005. doi: 10.1111/j.
1745-3933.2005.00023.x.

G. J. Fishman and C. A. Meegan. Gamma-Ray Bursts. Annual Reviews A&A, 33:415–458,
1995. doi: 10.1146/annurev.aa.33.090195.002215.

G. J. Fishman, C. A. Meegan, R. B. Wilson, W. S. Paciesas, G. N. Pendleton, B. A. Harmon,
J. M. Horack, C. Kouveliotou, and M. Finger. Overview of Observations from BATSE on
the Compton Observatory. A&A, 97:17, January 1993.

G. J. Fishman, C. A. Meegan, R. B. Wilson, M. N. Brock, J. M. Horack, C. Kouveliotou,
S. Howard, W. S. Paciesas, M. S. Briggs, G. N. Pendleton, T. M. Koshut, R. S. Mallozzi,
M. Stollberg, and J. P. Lestrade. The first BATSE gamma-ray burst catalog. ApJ, 92:
229–283, May 1994. doi: 10.1086/191968.

W. Fong and E. Berger. The Locations of Short Gamma-Ray Bursts as Evidence for Compact
Object Binary Progenitors. ApJ, 776:18, October 2013. doi: 10.1088/0004-637X/776/1/18.

W. Fong, E. Berger, R. Margutti, B. A. Zauderer, E. Troja, I. Czekala, R. Chornock,
N. Gehrels, T. Sakamoto, D. B. Fox, and P. Podsiadlowski. A Jet Break in the X-Ray
Light Curve of Short GRB 111020A: Implications for Energetics and Rates. ApJ, 756:189,
September 2012. doi: 10.1088/0004-637X/756/2/189.

W. Fong, E. Berger, B. D. Metzger, R. Margutti, R. Chornock, G. Migliori, R. J. Foley, B. A.
Zauderer, R. Lunnan, T. Laskar, S. J. Desch, K. J. Meech, S. Sonnett, C. Dickey, A. Hed-
lund, and P. Harding. Short GRB 130603B: Discovery of a Jet Break in the Optical and
Radio Afterglows, and a Mysterious Late-time X-Ray Excess. ApJ, 780:118, January 2014.
doi: 10.1088/0004-637X/780/2/118.

W. Fong, E. Berger, R. Margutti, and B. A. Zauderer. A Decade of Short-duration Gamma-
Ray Burst Broadband Afterglows: Energetics, Circumburst Densities, and Jet Opening
Angles. ApJ, 815:102, December 2015. doi: 10.1088/0004-637X/815/2/102.

D. A. Frail, S. R. Kulkarni, L. Nicastro, M. Feroci, and G. B. Taylor. The radio afterglow from
the γ-ray burst of 8 May 1997. Nature, 389:261–263, September 1997. doi: 10.1038/38451.

248



Bibliography

D. A. Frail, S. R. Kulkarni, R. Sari, S. G. Djorgovski, J. S. Bloom, T. J. Galama, D. E. Reichart,
E. Berger, F. A. Harrison, P. A. Price, S. A. Yost, A. Diercks, R. W. Goodrich, and F. Chaf-
fee. Beaming in Gamma-Ray Bursts: Evidence for a Standard Energy Reservoir. ApJ, 562:
L55–L58, November 2001. doi: 10.1086/338119.

D. A. Frail, S. R. Kulkarni, E. O. Ofek, G. C. Bower, and E. Nakar. A Revised View of the
Transient Radio Sky. ApJ, 747:70, March 2012. doi: 10.1088/0004-637X/747/1/70.

J. P. U. Fynbo, P. Jakobsson, J. X. Prochaska, D. Malesani, C. Ledoux, A. de Ugarte Postigo,
M. Nardini, P. M. Vreeswijk, K. Wiersema, J. Hjorth, J. Sollerman, H.-W. Chen, C. C.
Thöne, G. Björnsson, J. S. Bloom, A. J. Castro-Tirado, L. Christensen, A. De Cia, A. S.
Fruchter, J. Gorosabel, J. F. Graham, A. O. Jaunsen, B. L. Jensen, D. A. Kann, C. Kou-
veliotou, A. J. Levan, J. Maund, N. Masetti, B. Milvang-Jensen, E. Palazzi, D. A. Perley,
E. Pian, E. Rol, P. Schady, R. L. C. Starling, N. R. Tanvir, D. J.Watson, D. Xu, T. Augusteijn,
F. Grundahl, J. Telting, and P.-O. Quirion. Low-resolution Spectroscopy of Gamma-ray
Burst Optical Afterglows: Biases in the Swift Sample and Characterization of the Ab-
sorbers. ApJ, 185:526–573, December 2009. doi: 10.1088/0067-0049/185/2/526.

A. Gal-Yam, E. O. Ofek, D. Poznanski, A. Levinson, E. Waxman, D. A. Frail, A. M. Soder-
berg, E. Nakar, W. Li, and A. V. Filippenko. Radio and Optical Follow-up Observations
of a Uniform Radio Transient Search: Implications for Gamma-Ray Bursts and Super-
novae. ApJ, 639:331–339, March 2006. doi: 10.1086/499157.

T. J. Galama, P. M. Vreeswijk, J. van Paradijs, C. Kouveliotou, T. Augusteijn, H. Böhnhardt,
J. P. Brewer, V. Doublier, J.-F. Gonzalez, B. Leibundgut, C. Lidman, O. R. Hainaut, F. Patat,
J. Heise, J. in’t Zand, K. Hurley, P. J. Groot, R. G. Strom, P. A. Mazzali, K. Iwamoto,
K. Nomoto, H. Umeda, T. Nakamura, T. R. Young, T. Suzuki, T. Shigeyama, T. Koshut,
M. Kippen, C. Robinson, P. de Wildt, R. A. M. J. Wijers, N. Tanvir, J. Greiner, E. Pian,
E. Palazzi, F. Frontera, N. Masetti, L. Nicastro, M. Feroci, E. Costa, L. Piro, B. A. Peter-
son, C. Tinney, B. Boyle, R. Cannon, R. Stathakis, E. Sadler, M. C. Begam, and P. Ianna.
An unusual supernova in the error box of the γ-ray burst of 25 April 1998. Nature, 395:
670–672, October 1998. doi: 10.1038/27150.

N. Gehrels, G. Chincarini, P. Giommi, K. O. Mason, J. A. Nousek, A. A. Wells, N. E. White,
S. D. Barthelmy, D. N. Burrows, L. R. Cominsky, K. C. Hurley, F. E. Marshall, P. Mészáros,
P. W. A. Roming, L. Angelini, L. M. Barbier, T. Belloni, S. Campana, P. A. Caraveo, M. M.
Chester, O. Citterio, T. L. Cline, M. S. Cropper, J. R. Cummings, A. J. Dean, E. D. Feigel-
son, E. E. Fenimore, D. A. Frail, A. S. Fruchter, G. P. Garmire, K. Gendreau, G. Ghisellini,
J. Greiner, J. E. Hill, S. D. Hunsberger, H. A. Krimm, S. R. Kulkarni, P. Kumar, F. Lebrun,
N. M. Lloyd-Ronning, C. B. Markwardt, B. J. Mattson, R. F. Mushotzky, J. P. Norris, J. Os-
borne, B. Paczynski, D. M. Palmer, H.-S. Park, A. M. Parsons, J. Paul, M. J. Rees, C. S.
Reynolds, J. E. Rhoads, T. P. Sasseen, B. E. Schaefer, A. T. Short, A. P. Smale, I. A. Smith,
L. Stella, G. Tagliaferri, T. Takahashi, M. Tashiro, L. K. Townsley, J. Tueller, M. J. L. Turner,
M. Vietri, W. Voges, M. J. Ward, R. Willingale, F. M. Zerbi, and W. W. Zhang. The Swift
Gamma-Ray Burst Mission. ApJ, 611:1005–1020, August 2004. doi: 10.1086/422091.

N. Gehrels, E. Ramirez-Ruiz, and D. B. Fox. Gamma-Ray Bursts in the Swift Era. Annual
Reviews A&A, 47:567–617, September 2009. doi: 10.1146/annurev.astro.46.060407.145147.

F. Genet, F. Daigne, and R. Mochkovitch. Can the early X-ray afterglow of gamma-ray
bursts be explained by a contribution from the reverse shock? MNRAS, 381:732–740,
October 2007. doi: 10.1111/j.1365-2966.2007.12243.x.

249



Bibliography

G. Ghirlanda, A. Celotti, and G. Ghisellini. Time resolved spectral analysis of bright gamma
ray bursts. A&A, 393:409–423, October 2002. doi: 10.1051/0004-6361:20021038.

G. Ghirlanda, A. Celotti, and G. Ghisellini. Extremely hard GRB spectra prune down the
forest of emission models. A&A, 406:879–892, August 2003. doi: 10.1051/0004-6361:
20030803.

G. Ghirlanda, G. Ghisellini, and D. Lazzati. The Collimation-corrected Gamma-Ray Burst
Energies Correlate with the Peak Energy of Their νFν Spectrum. ApJ, 616:331–338,
November 2004. doi: 10.1086/424913.

G. Ghirlanda, G. Ghisellini, and C. Firmani. Probing the existence of the Epeak-Eiso cor-
relation in long gamma ray bursts. MNRAS, 361:L10–L14, July 2005. doi: 10.1111/j.
1745-3933.2005.00053.x.

G. Ghirlanda, L. Nava, G. Ghisellini, and C. Firmani. Confirming the γ-ray burst spectral-
energy correlations in the era of multiple time breaks. A&A, 466:127–136, April 2007.
doi: 10.1051/0004-6361:20077119.

G. Ghirlanda, L. Nava, G. Ghisellini, A. Celotti, and C. Firmani. Short versus long gamma-
ray bursts: spectra, energetics, and luminosities. A&A, 496:585–595, March 2009. doi:
10.1051/0004-6361/200811209.

G. Ghirlanda, G. Ghisellini, and L. Nava. The onset of the GeV afterglow of GRB 090510.
A&A, 510:L7, February 2010. doi: 10.1051/0004-6361/200913980.

G. Ghirlanda, G. Ghisellini, L. Nava, R. Salvaterra, G. Tagliaferri, S. Campana, S. Covino,
P. D’Avanzo, D. Fugazza, A. Melandri, and S. D. Vergani. The impact of selection biases
on the Epeak-LISO correlation of gamma-ray bursts. MNRAS, 422:2553–2559, May 2012a.
doi: 10.1111/j.1365-2966.2012.20815.x.

G. Ghirlanda, L. Nava, G. Ghisellini, A. Celotti, D. Burlon, S. Covino, and A. Melandri.
Gamma-ray bursts in the comoving frame. MNRAS, 420:483–494, February 2012b. doi:
10.1111/j.1365-2966.2011.20053.x.

G. Ghirlanda, G. Ghisellini, R. Salvaterra, L. Nava, D. Burlon, G. Tagliaferri, S. Campana,
P. D’Avanzo, and A. Melandri. The faster the narrower: characteristic bulk velocities
and jet opening angles of gamma-ray bursts. MNRAS, 428:1410–1423, January 2013a.
doi: 10.1093/mnras/sts128.

G. Ghirlanda, A. Pescalli, and G. Ghisellini. Photospheric emission throughout GRB 100507
detected by Fermi. MNRAS, 432:3237–3244, July 2013b. doi: 10.1093/mnras/stt681.

G. Ghirlanda, R. Salvaterra, D. Burlon, S. Campana, A. Melandri, M. G. Bernardini,
S. Covino, P. D’Avanzo, V. D’Elia, G. Ghisellini, L. Nava, I. Prandoni, L. Sironi, G. Taglia-
ferri, S. D. Vergani, and A. Wolter. Radio afterglows of a complete sample of bright Swift
GRBs: predictions from present days to the SKA era. MNRAS, 435:2543–2551, November
2013c. doi: 10.1093/mnras/stt1466.

G. Ghirlanda, D. Burlon, G. Ghisellini, R. Salvaterra, M. G. Bernardini, S. Campana,
S. Covino, P. D’Avanzo, V. D’Elia, A. Melandri, T. Murphy, L. Nava, S. D. Vergani, and
G. Tagliaferri. GRB Orphan Afterglows in Present and Future Radio Transient Surveys.
PASA, 31:e022, May 2014. doi: 10.1017/pasa.2014.14.

250



Bibliography

G. Ghirlanda, M. G. Bernardini, G. Calderone, and P. D’Avanzo. Are short Gamma Ray
Bursts similar to long ones? Journal of High Energy Astrophysics, 7:81–89, September
2015a. doi: 10.1016/j.jheap.2015.04.002.

G. Ghirlanda, R. Salvaterra, S. Campana, S. D. Vergani, J. Japelj, M. G. Bernardini, D. Bur-
lon, P. D’Avanzo, A. Melandri, A. Gomboc, F. Nappo, R. Paladini, A. Pescalli, O. S.
Salafia, and G. Tagliaferri. Unveiling the population of orphan γ-ray bursts. A&A, 578:
A71, June 2015b. doi: 10.1051/0004-6361/201526112.

G. Ghirlanda, O. S. Salafia, A. Pescalli, G. Ghisellini, R. Salvaterra, E. Chassande-Mottin,
M. Colpi, F. Nappo, P. D’Avanzo, A. Melandri, M. G. Bernardini, M. Branchesi, S. Cam-
pana, R. Ciolfi, S. Covino, D. Götz, S. D. Vergani, M. Zennaro, and G. Tagliaferri. Short
gamma-ray bursts at the dawn of the gravitational wave era. A&A, 594:A84, October
2016. doi: 10.1051/0004-6361/201628993.

G. Ghisellini, editor. Radiative Processes in High Energy Astrophysics, volume 873 of Lecture
Notes in Physics, Berlin Springer Verlag, 2013. doi: 10.1007/978-3-319-00612-3.

G. Ghisellini and D. Lazzati. Polarization light curves and position angle variation
of beamed gamma-ray bursts. MNRAS, 309:L7–L11, October 1999. doi: 10.1046/j.
1365-8711.1999.03025.x.

G. Ghisellini and R. Svensson. The synchrotron and cyclo-synchrotron absorption cross-
section. Monthly Notices of the Royal Astronomical Society, 252:313–318, October 1991. doi:
10.1093/mnras/252.3.313.

G. Ghisellini, A. Celotti, and D. Lazzati. Constraints on the emission mechanisms of
gamma-ray bursts. MNRAS, 313:L1–L5, March 2000. doi: 10.1046/j.1365-8711.2000.
03354.x.

G. Ghisellini, G. Ghirlanda, S. Mereghetti, Z. Bosnjak, F. Tavecchio, and C. Firmani. Are
GRB980425 and GRB031203 real outliers or twins of GRB060218? MNRAS, 372:1699–
1709, November 2006. doi: 10.1111/j.1365-2966.2006.10972.x.

G. Ghisellini, A. Celotti, G. Ghirlanda, C. Firmani, and L. Nava. Re-born fireballs in gamma-
ray bursts. MNRAAS, 382:L72–L76, November 2007a. doi: 10.1111/j.1745-3933.2007.
00392.x.

G. Ghisellini, G. Ghirlanda, and F. Tavecchio. Did we observe the supernova shock break-
out in GRB 060218? MNRAS, 382:L77–L81, November 2007b. doi: 10.1111/j.1745-3933.
2007.00396.x.

G. Ghisellini, M. Nardini, G. Ghirlanda, and A. Celotti. A unifying view of gamma-ray
burst afterglows. MNRAS, 393:253–271, February 2009. doi: 10.1111/j.1365-2966.2008.
14214.x.

G. Ghisellini, G. Ghirlanda, L. Nava, and A. Celotti. GeV emission from gamma-ray bursts:
a radiative fireball? MNRAS, 403:926–937, April 2010a. doi: 10.1111/j.1365-2966.2009.
16171.x.

G. Ghisellini, F. Tavecchio, L. Foschini, G. Ghirlanda, L. Maraschi, and A. Celotti. General
physical properties of bright Fermi blazars. MNRAS, 402:497–518, February 2010b. doi:
10.1111/j.1365-2966.2009.15898.x.

251



Bibliography

B. Giacomazzo, R. Perna, L. Rezzolla, E. Troja, and D. Lazzati. Compact Binary Progenitors
of Short Gamma-Ray Bursts. ApJ, 762:L18, January 2013. doi: 10.1088/2041-8205/762/
2/L18.

A. Goldstein, J. M. Burgess, R. D. Preece, M. S. Briggs, S. Guiriec, A. J. van der Horst,
V. Connaughton, C. A.Wilson-Hodge, W. S. Paciesas, C. A. Meegan, A. von Kienlin, P. N.
Bhat, E. Bissaldi, V. Chaplin, R. Diehl, G. J. Fishman, G. Fitzpatrick, S. Foley, M. Gibby,
M. Giles, J. Greiner, D. Gruber, R. M. Kippen, C. Kouveliotou, S. McBreen, S. McGlynn,
A. Rau, and D. Tierney. The Fermi GBM Gamma-Ray Burst Spectral Catalog: The First
Two Years. ApJ, 199:19, March 2012. doi: 10.1088/0067-0049/199/1/19.

S. Golenetskii, R. Aptekar, D. Frederiks, V. Pal’Shin, P. Oleynik, M. Ulanov, D. Svinkin,
A. Tsvetkova, A. Lysenko, A. Kozlova, and T. Cline. Konus-Wind observation of GRB
151027A. GRB Coordinates Network, Circular Service, No. 18516, #1 (2015), 18516, 2015.

J. Goodman. Are gamma-ray bursts optically thick? ApJ, 308:L47–L50, September 1986.
doi: 10.1086/184741.

J. Gorosabel, J. U. Fynbo, J. Hjorth, C. Wolf, M. I. Andersen, H. Pedersen, L. Christensen,
B. L. Jensen, P. Möller, J. Afonso, M. A. Treyer, G. Mallén-Ornelas, A. J. Castro-Tirado,
A. Fruchter, J. Greiner, E. Pian, P. M. Vreeswijk, F. Frontera, L. Kaper, S. Klose, C. Kouve-
liotou, N.Masetti, E. Palazzi, E. Rol, I. Salamanca, N. Tanvir, R. A.M. J. Wijers, and E. van
den Heuvel. Strategies for prompt searches for GRB afterglows: The discovery of the
<ASTROBJ>GRB 001011</ASTROBJ> optical/near-infrared counterpart using colour-
colour selection. A&A, 384:11–23, March 2002. doi: 10.1051/0004-6361:20011598.

J. Granot. The Structure and Dynamics of GRB Jets. In Revista Mexicana de Astronomia y
Astrofisica, vol. 27, volume 27 of Revista Mexicana de Astronomia y Astrofisica Conference
Series, pages 140–165, March 2007.

J. Greiner, D. H. Hartmann, W. Voges, T. Boller, R. Schwarz, and S. V. Zharikov. Search for
GRB X-ray afterglows in the ROSAT all-sky survey. A&A, 353:998–1008, January 2000.

J. E. Grindlay. Fast X-Ray Transients and Gamma-Ray Bursts: Constraints on Beaming.
ApJ, 510:710–714, January 1999. doi: 10.1086/306617.

D. Gruber, T. Krühler, S. Foley, M. Nardini, D. Burlon, A. Rau, E. Bissaldi, A. von Kienlin,
S. McBreen, J. Greiner, P. N. Bhat, M. S. Briggs, J. M. Burgess, V. L. Chaplin, V. Con-
naughton, R. Diehl, G. J. Fishman, M. H. Gibby, M. M. Giles, A. Goldstein, S. Guiriec,
A. J. van der Horst, R. M. Kippen, C. Kouveliotou, L. Lin, C. A. Meegan, W. S. Pa-
ciesas, R. D. Preece, D. Tierney, and C. Wilson-Hodge. Fermi/GBM observations of the
ultra-long GRB 091024. A burst with an optical flash. A&A, 528:A15, April 2011. doi:
10.1051/0004-6361/201015891.

D. Gruber, J. M. Burgess, and V. Connaughton. GRB 120624B: Fermi GBM detection. GRB
Coordinates Network, Circular Service, No. 13377, #1 (2012), 13377, 2012.

D. Gruber, A. Goldstein, V. Weller von Ahlefeld, P. Narayana Bhat, E. Bissaldi, M. S. Briggs,
D. Byrne, W. H. Cleveland, V. Connaughton, R. Diehl, G. J. Fishman, G. Fitzpatrick,
S. Foley, M. Gibby, M. M. Giles, J. Greiner, S. Guiriec, A. J. van der Horst, A. von Kienlin,
C. Kouveliotou, E. Layden, L. Lin, C. A. Meegan, S. McGlynn, W. S. Paciesas, V. Pelassa,
R. D. Preece, A. Rau, C. A. Wilson-Hodge, S. Xiong, G. Younes, and H.-F. Yu. The Fermi
GBM Gamma-Ray Burst Spectral Catalog: Four Years of Data. ApJ, 211:12, March 2014.
doi: 10.1088/0067-0049/211/1/12.

252



Bibliography

D. Guetta and M. Della Valle. On the Rates of Gamma-Ray Bursts and Type Ib/c Super-
novae. ApJ, 657:L73–L76, March 2007. doi: 10.1086/511417.

D. Guetta and T. Piran. The luminosity and redshift distributions of short-duration GRBs.
A&A, 435:421–426, May 2005. doi: 10.1051/0004-6361:20041702.

D. Guetta and T. Piran. The BATSE-Swift luminosity and redshift distributions of short-
duration GRBs. A&A, 453:823–828, July 2006. doi: 10.1051/0004-6361:20054498.

D. Guetta and L. Stella. Short γ-ray bursts and gravitational waves from dynamically
formed merging binaries. A&A, 498:329–333, May 2009. doi: 10.1051/0004-6361:
200810493.

D. Guetta, T. Piran, and E. Waxman. The Luminosity and Angular Distributions of Long-
Duration Gamma-Ray Bursts. ApJ, 619:412–419, January 2005. doi: 10.1086/423125.

S. Guiriec, V. Connaughton, M. S. Briggs, M. Burgess, F. Ryde, F. Daigne, P. Mészáros,
A. Goldstein, J. McEnery, N. Omodei, P. N. Bhat, E. Bissaldi, A. Camero-Arranz, V. Chap-
lin, R. Diehl, G. Fishman, S. Foley, M. Gibby, M. M. Giles, J. Greiner, D. Gruber, A. von
Kienlin, M. Kippen, C. Kouveliotou, S. McBreen, C. A. Meegan, W. Paciesas, R. Preece,
A. Rau, D. Tierney, A. J. van der Horst, and C. Wilson-Hodge. Detection of a Thermal
Spectral Component in the Prompt Emission of GRB 100724B. ApJ, 727:L33, February
2011. doi: 10.1088/2041-8205/727/2/L33.

S. Guiriec, F. Daigne, R. Hascoët, G. Vianello, F. Ryde, R. Mochkovitch, C. Kouveliotou,
S. Xiong, P. N. Bhat, S. Foley, D. Gruber, J. M. Burgess, S. McGlynn, J. McEnery, and
N. Gehrels. Evidence for a Photospheric Component in the Prompt Emission of the
Short GRB 120323A and Its Effects on the GRB Hardness-Luminosity Relation. ApJ, 770:
32, June 2013. doi: 10.1088/0004-637X/770/1/32.

R. Hascoët, Z. L. Uhm, R. Mochkovitch, and F. Daigne. Was the “naked burst” GRB 050421
really naked? A&A, 534:A104, October 2011. doi: 10.1051/0004-6361/201117404.

R. Hascoët, F. Daigne, and R. Mochkovitch. Prompt thermal emission in gamma-ray bursts.
A&A, 551:A124, March 2013. doi: 10.1051/0004-6361/201220023.

R. Hascoët, A. M. Beloborodov, F. Daigne, and R. Mochkovitch. Estimates for Lorentz
Factors of Gamma-Ray Bursts from Early Optical Afterglow Observations. ApJ, 782:5,
February 2014. doi: 10.1088/0004-637X/782/1/5.

R. Hascoet, A. M. Beloborodov, F. Daigne, and R. Mochkovitch. X-ray flares from dense
shells formed in gamma-ray burst explosions. ArXiv e-prints, March 2015.

W. K. Hastings. Monte carlo sampling methods using markov chains and their applica-
tions. Biometrika, 57(1):97–109, 1970. ISSN 00063444. URL http://www.jstor.org/
stable/2334940.

J. S. Heyl and R. Perna. Broadband Modeling of GRB 021004. ApJ, 586:L13–L17, March
2003. doi: 10.1086/374652.

J. Hjorth, D. Malesani, P. Jakobsson, A. O. Jaunsen, J. P. U. Fynbo, J. Gorosabel, T. Krühler,
A. J. Levan, M. J. Michałowski, B. Milvang-Jensen, P. Møller, S. Schulze, N. R. Tanvir, and
D. Watson. The Optically Unbiased Gamma-Ray Burst Host (TOUGH) Survey. I. Survey
Design and Catalogs. ApJ, 756:187, September 2012. doi: 10.1088/0004-637X/756/2/187.

253



Bibliography

A. M. Hopkins and J. F. Beacom. On the Normalization of the Cosmic Star Formation
History. ApJ, 651:142–154, November 2006. doi: 10.1086/506610.

A. M. Hopkins and J. F. Beacom. Erratum: “On the Normalization of the Cosmic Star
Formation History” (ApJ, 651, 142 [20067]). ApJ, 682:1486, August 2008. doi: 10.1086/
589809.

C. Hopman, D. Guetta, E. Waxman, and S. Portegies Zwart. The Redshift Distribution of
Short Gamma-Ray Bursts from Dynamically Formed Neutron Star Binaries. ApJ, 643:
L91–L94, June 2006. doi: 10.1086/505141.

E. J. Howell, D. M. Coward, G. Stratta, B. Gendre, and H. Zhou. Constraining the rate and
luminosity function of Swift gamma-ray bursts. MNRAS, 444:15–28, October 2014. doi:
10.1093/mnras/stu1403.

T. Isobe, E. D. Feigelson, M. G. Akritas, and G. J. Babu. Linear regression in astronomy. ApJ,
364:104–113, November 1990. doi: 10.1086/169390.

Z. Ivezic, T. Axelrod, W. N. Brandt, D. L. Burke, C. F. Claver, A. Connolly, K. H. Cook,
P. Gee, D. K. Gilmore, S. H. Jacoby, R. L. Jones, S. M. Kahn, J. P. Kantor, V. V. Krabben-
dam, R. H. Lupton, D. G. Monet, P. A. Pinto, A. Saha, T. L. Schalk, D. P. Schneider, M. A.
Strauss, C. W. Stubbs, D. Sweeney, A. Szalay, J. J. Thaler, J. A. Tyson, and LSST Collab-
oration. Large Synoptic Survey Telescope: From Science Drivers To Reference Design.
Serbian Astronomical Journal, 176:1–13, June 2008a. doi: 10.2298/SAJ0876001I.

Z. Ivezic, J. A. Tyson, B. Abel, E. Acosta, R. Allsman, Y. AlSayyad, S. F. Anderson, J. Andrew,
R. Angel, G. Angeli, R. Ansari, P. Antilogus, K. T. Arndt, P. Astier, E. Aubourg, T. Ax-
elrod, D. J. Bard, J. D. Barr, A. Barrau, J. G. Bartlett, B. J. Bauman, S. Beaumont, A. C.
Becker, J. Becla, C. Beldica, S. Bellavia, G. Blanc, R. D. Blandford, J. S. Bloom, J. Bogart,
K. Borne, J. F. Bosch, D. Boutigny, W. N. Brandt, M. E. Brown, J. S. Bullock, P. Bur-
chat, D. L. Burke, G. Cagnoli, D. Calabrese, S. Chandrasekharan, S. Chesley, E. C. Cheu,
J. Chiang, C. F. Claver, A. J. Connolly, K. H. Cook, A. Cooray, K. R. Covey, C. Cribbs,
W. Cui, R. Cutri, G. Daubard, G. Daues, F. Delgado, S. Digel, P. Doherty, R. Dubois, G. P.
Dubois-Felsmann, J. Durech, M. Eracleous, H. Ferguson, J. Frank, M. Freemon, E. Gan-
gler, E. Gawiser, J. C. Geary, P. Gee, M. Geha, R. R. Gibson, D. K. Gilmore, T. Glanzman,
I. Goodenow, W. J. Gressler, P. Gris, A. Guyonnet, P. A. Hascall, J. Haupt, F. Hernandez,
C. Hogan, D. Huang, M. E. Huffer, W. R. Innes, S. H. Jacoby, B. Jain, J. Jee, J. G. Jerni-
gan, D. Jevremovic, K. Johns, R. L. Jones, C. Juramy-Gilles, M. Juric, S. M. Kahn, J. S.
Kalirai, N. Kallivayalil, B. Kalmbach, J. P. Kantor, M. M. Kasliwal, R. Kessler, D. Kirkby,
L. Knox, I. Kotov, V. L. Krabbendam, S. Krughoff, P. Kubanek, J. Kuczewski, S. Kulka-
rni, R. Lambert, L. Le Guillou, D. Levine, M. Liang, K. Lim, C. Lintott, R. H. Lupton,
A. Mahabal, P. Marshall, S. Marshall, M. May, R. McKercher, M. Migliore, M. Miller,
D. J. Mills, D. G. Monet, M. Moniez, D. R. Neill, J. Nief, A. Nomerotski, M. Nordby,
P. O’Connor, J. Oliver, S. S. Olivier, K. Olsen, S. Ortiz, R. E. Owen, R. Pain, J. R. Peterson,
C. E. Petry, F. Pierfederici, S. Pietrowicz, R. Pike, P. A. Pinto, R. Plante, S. Plate, P. A.
Price, M. Prouza, V. Radeka, J. Rajagopal, A. Rasmussen, N. Regnault, S. T. Ridgway,
S. Ritz, W. Rosing, C. Roucelle, M. R. Rumore, S. Russo, A. Saha, B. Sassolas, T. L. Schalk,
R. H. Schindler, D. P. Schneider, G. Schumacher, J. Sebag, G. H. Sembroski, L. G. Seppala,
I. Shipsey, N. Silvestri, J. A. Smith, R. C. Smith, M. A. Strauss, C. W. Stubbs, D. Sweeney,
A. Szalay, P. Takacs, J. J. Thaler, R. Van Berg, D. Vanden Berk, K. Vetter, F. Virieux, B. Xin,
L. Walkowicz, C. W. Walter, D. L. Wang, M. Warner, B. Willman, D. Wittman, S. C. Wolff,
W. M. Wood-Vasey, P. Yoachim, H. Zhan, and for the LSST Collaboration. LSST: from

254



Bibliography

Science Drivers to Reference Design and Anticipated Data Products. ArXiv e-prints, May
2008b.

P. Jakobsson, A. Levan, J. P. U. Fynbo, R. Priddey, J. Hjorth, N. Tanvir, D. Watson, B. L.
Jensen, J. Sollerman, P. Natarajan, J. Gorosabel, J. M. Castro Cerón, K. Pedersen, T. Pur-
simo, A. S. Árnadóttir, A. J. Castro-Tirado, C. J. Davis, H. J. Deeg, D. A. Fiuza, S. Miko-
laitis, and S. G. Sousa. A mean redshift of 2.8 for Swift gamma-ray bursts. A&A, 447:
897–903, March 2006. doi: 10.1051/0004-6361:20054287.

P. Jakobsson, J. Hjorth, D. Malesani, R. Chapman, J. P. U. Fynbo, N. R. Tanvir, B. Milvang-
Jensen, P. M. Vreeswijk, G. Letawe, and R. L. C. Starling. The Optically Unbiased GRB
Host (TOUGH) Survey. III. Redshift Distribution. ApJ, 752:62, June 2012. doi: 10.1088/
0004-637X/752/1/62.

J. Japelj and A. Gomboc. Detectability of GRB Optical Afterglows with Gaia Satel-
lite. Publications of the Astronomical Society of Pacific, 123:1034, September 2011. doi:
10.1086/661979.

R. Jimenez, D. Band, and T. Piran. Energetics of Gamma-Ray Bursts. ApJ, 561:171–177,
November 2001. doi: 10.1086/323224.

Z.-P. Jin, X. Li, Z. Cano, S. Covino, Y.-Z. Fan, and D.-M. Wei. The Light Curve of the
Macronova Associated with the Long-Short Burst GRB 060614. ApJ, 811:L22, October
2015. doi: 10.1088/2041-8205/811/2/L22.

Z.-P. Jin, K. Hotokezaka, X. Li, M. Tanaka, P. D’Avanzo, Y.-Z. Fan, S. Covino, D.-M. Wei,
and T. Piran. TheMacronova in GRB 050709 and the GRB-macronova connection. Nature
Communications, 7:12898, September 2016. doi: 10.1038/ncomms12898.

Y. Kaneko, R. D. Preece, M. S. Briggs, W. S. Paciesas, C. A. Meegan, and D. L. Band.
The Complete Spectral Catalog of Bright BATSE Gamma-Ray Bursts. ApJ, 166:298–340,
September 2006. doi: 10.1086/505911.

J. I. Katz. Low-frequency spectra of gamma-ray bursts. ApJ, 432:L107–L109, September
1994. doi: 10.1086/187523.

I. Khabibullin, S. Sazonov, and R. Sunyaev. SRG/eROSITA prospects for the detection
of GRB afterglows. MNRAS, 426:1819–1828, November 2012. doi: 10.1111/j.1365-2966.
2012.21807.x.

C. Kim, B. B. P. Perera, and M. A. McLaughlin. Implications of PSR J0737-3039B for the
Galactic NS-NS binary merger rate. MNRAS, 448:928–938, March 2015. doi: 10.1093/
mnras/stu2729.

S. Kobayashi, T. Piran, and R. Sari. Can Internal Shocks Produce the Variability in Gamma-
Ray Bursts? ApJ, 490:92, November 1997. doi: 10.1086/512791.

S. Kobayashi, T. Piran, and R. Sari. Hydrodynamics of a Relativistic Fireball: The Complete
Evolution. ApJ, 513:669–678, March 1999. doi: 10.1086/306868.

D. Kocevski and E. Liang. Quantifying the Luminosity Evolution in Gamma-Ray Bursts.
ApJ, 642:371–381, May 2006. doi: 10.1086/500816.

D. Kocevski, N. Butler, and J. S. Bloom. Pulse Width Evolution of Late-Time X-Ray Flares
in Gamma-Ray Bursts. ApJ, 667:1024–1032, October 2007. doi: 10.1086/520041.

255



Bibliography

C. Kouveliotou, J. Granot, J. L. Racusin, E. Bellm, G. Vianello, S. Oates, C. L. Fryer, S. E.
Boggs, F. E. Christensen, W. W. Craig, C. D. Dermer, N. Gehrels, C. J. Hailey, F. A. Har-
rison, A. Melandri, J. E. McEnery, C. G. Mundell, D. K. Stern, G. Tagliaferri, and W. W.
Zhang. NuSTAR Observations of GRB 130427A Establish a Single Component Synchro-
tron Afterglow Origin for the Late Optical to Multi-GeV Emission. ApJ, 779:L1, Decem-
ber 2013. doi: 10.1088/2041-8205/779/1/L1.

T. Krühler, D. Malesani, J. P. U. Fynbo, O. E. Hartoog, J. Hjorth, P. Jakobsson, D. A. Perley,
A. Rossi, P. Schady, S. Schulze, N. R. Tanvir, S. D. Vergani, K. Wiersema, P. M. J. Afonso,
J. Bolmer, Z. Cano, S. Covino, V. D’Elia, A. de Ugarte Postigo, R. Filgas, M. Friis, J. F.
Graham, J. Greiner, P. Goldoni, A. Gomboc, F. Hammer, J. Japelj, D. A. Kann, L. Kaper,
S. Klose, A. J. Levan, G. Leloudas, B. Milvang-Jensen, A. Nicuesa Guelbenzu, E. Palazzi,
E. Pian, S. Piranomonte, R. Sánchez-Ramírez, S. Savaglio, J. Selsing, G. Tagliaferri, P. M.
Vreeswijk, D. J. Watson, and D. Xu. GRB hosts through cosmic time. VLT/X-Shooter
emission-line spectroscopy of 96 γ-ray-burst-selected galaxies at 0.1 < z < 3.6. A&A,
581:A125, September 2015. doi: 10.1051/0004-6361/201425561.

P. Kumar. Gamma-Ray Burst Energetics. ApJ, 523:L113–L116, October 1999. doi: 10.1086/
312265.

P. Kumar and J. Granot. The Evolution of a Structured Relativistic Jet and Gamma-Ray
Burst Afterglow Light Curves. ApJ, 591:1075–1085, July 2003. doi: 10.1086/375186.

P. Kumar and G. F. Smoot. Some implications of inverse-Compton scattering of hot cocoon
radiation by relativistic jets in gamma-ray bursts. MNRAS, 445:528–543, November 2014.
doi: 10.1093/mnras/stu1638.

T. Laskar, E. Berger, B. A. Zauderer, R. Margutti, A. M. Soderberg, S. Chakraborti, R. Lun-
nan, R. Chornock, P. Chandra, and A. Ray. A Reverse Shock in GRB 130427A. ApJ, 776:
119, October 2013. doi: 10.1088/0004-637X/776/2/119.

N. M. Law, S. R. Kulkarni, R. G. Dekany, E. O. Ofek, R. M. Quimby, P. E. Nugent, J. Surace,
C. C. Grillmair, J. S. Bloom, M. M. Kasliwal, L. Bildsten, T. Brown, S. B. Cenko, D. Cia-
rdi, E. Croner, S. G. Djorgovski, J. van Eyken, A. V. Filippenko, D. B. Fox, A. Gal-Yam,
D. Hale, N. Hamam, G. Helou, J. Henning, D. A. Howell, J. Jacobsen, R. Laher, S. Mat-
tingly, D. McKenna, A. Pickles, D. Poznanski, G. Rahmer, A. Rau, W. Rosing, M. Shara,
R. Smith, D. Starr, M. Sullivan, V. Velur, R. Walters, and J. Zolkower. The Palomar Tran-
sient Factory: System Overview, Performance, and First Results. Publications of the Astro-
nomical Society of Pacific, 121:1395, December 2009. doi: 10.1086/648598.

T. J. W. Lazio, T. E. Clarke, W.M. Lane, C. Gross, N. E. Kassim, P. S. Ray, D.Wood, J. A. York,
A. Kerkhoff, B. Hicks, E. Polisensky, K. Stewart, N. Paravastu Dalal, A. S. Cohen, and
W. C. Erickson. Surveying the Dynamic Radio Sky with the Long Wavelength Demon-
strator Array. AJ, 140:1995–2006, December 2010. doi: 10.1088/0004-6256/140/6/1995.

D. Lazzati andM. C. Begelman. Universal GRB Jets from Jet-Cocoon Interaction in Massive
Stars. ApJ, 629:903–907, August 2005. doi: 10.1086/430877.

D. Lazzati and R. Perna. X-ray flares and the duration of engine activity in gamma-ray
bursts. MNRAS, 375:L46–L50, February 2007. doi: 10.1111/j.1745-3933.2006.00273.x.

D. Lazzati, G. Ghisellini, and A. Celotti. Constraints on the bulk Lorentz factor in the
internal shock scenario for gamma-ray bursts. MNRAS, 309:L13–L17, October 1999. doi:
10.1046/j.1365-8711.1999.02970.x.

256



Bibliography

D. Lazzati, E. Rossi, S. Covino, G. Ghisellini, andD.Malesani. The afterglow of GRB 021004:
Surfing on density waves. A&A, 396:L5–L9, December 2002. doi: 10.1051/0004-6361:
20021618.

D. Lazzati, S. Covino, J. Gorosabel, E. Rossi, G. Ghisellini, E. Rol, J. M. Castro Cerón,
A. J. Castro-Tirado, M. Della Valle, S. di Serego Alighieri, A. S. Fruchter, J. P. U. Fynbo,
P. Goldoni, J. Hjorth, G. L. Israel, L. Kaper, N. Kawai, E. Le Floc’h, D. Malesani,
N. Masetti, P. Mazzali, F. Mirabel, P. Moller, S. Ortolani, E. Palazzi, E. Pian, J. Rhoads,
G. Ricker, J. D. Salmonson, L. Stella, G. Tagliaferri, N. Tanvir, E. van den Heuvel,
R. A. M. J. Wijers, and F. M. Zerbi. On the jet structure and magnetic field configura-
tion of GRB 020813. A&A, 422:121–128, July 2004a. doi: 10.1051/0004-6361:20035951.

D. Lazzati, E. Rossi, G. Ghisellini, and M. J. Rees. Compton drag as a mechanism for very
high linear polarization in gamma-ray bursts. MNRAS, 347:L1–L5, January 2004b. doi:
10.1111/j.1365-2966.2004.07387.x.

D. Lazzati, C. H. Blackwell, B. J. Morsony, and M. C. Begelman. X-ray flares from propa-
gation instabilities in long gamma-ray burst jets. MNRAS, 411:L16–L20, February 2011.
doi: 10.1111/j.1745-3933.2010.00984.x.

G. Leloudas, J. P. U. Fynbo, S. Schulze, D. Xu, D. Malesani, S. Geier, Z. Cano, and P. Jakob-
sson. GRB 130702A: NOT spectroscopy and redshift of the nearby bright galaxy. GRB
Coordinates Network, Circular Service, No. 14983, #1 (2013), 4983, 2013.

A. Levinson and D. Eichler. Baryon Loading of Gamma-Ray Burst by Neutron Pickup. ApJ,
594:L19–L22, September 2003. doi: 10.1086/378487.

A. Levinson, E. O. Ofek, E. Waxman, and A. Gal-Yam. Orphan Gamma-Ray Burst Radio
Afterglows: Candidates and Constraints on Beaming. ApJ, 576:923–931, September 2002.
doi: 10.1086/341866.

L.-X. Li. Star formation history up to z = 7.4: implications for gamma-ray bursts and cosmic
metallicity evolution. MNRAS, 388:1487–1500, August 2008. doi: 10.1111/j.1365-2966.
2008.13488.x.
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