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Introduction

The intense and unpredictable ashes of gamma rays in the engg band (10 keV - 1 MeV),

called Gamma-Ray Bursts (GRB), were discovered in the late0&. Since then several
experiments were dedicated to detect and understand theséagmomena. Up to now,
we do not have yet a complete explanation for the GRB progemwits and their emission
mechanism. In the rst phase, the so-called prompt phase,dting from few ms to tens of
seconds, these bursts emit mainly in the band from hard-X tooff gamma. In a longer
second phase, called afterglow, the GRB emission rangesnirthe radio frequencies to
the X-ray band.

The hard gamma band ¢ 50 MeV), both in the prompt and in the afterglow phase,
was poorly explored until the gamma-ray experiment EGRET [[1 own on the Compton
Gamma-ray Observatory (CGRO). Nevertheless EGRET detecteonly 5 GRBs in the
band > 50 MeV in 10 years of operation. Nowadays 2-ray experiments AGILE [2] and
Fermi/LAT [3] are currently in operation. The number of detected burst with emitted
energy> 50 MeV is already triplicated by these two missions.

The two experiments are similar because they are based on tb@me high energy -
ray detection technique: their core is made of a silicon tr&er with tungsten conversion
layers, surrounded by a plastic scintillator to veto cosmicay particles events. Below the
tracker, a calorimeter provides the measure of the energy thie produced pairs.

The main di erences between the experiments are the largereetive area of the
Fermi/LAT (10 times larger) and its deeper calorimeter. On board of theatellites
that host LAT and AGILE there are other 2 experiments respectely: the Fermi/GBM
[4] dedicated to the GRB science in the 8 keV-40 MeV band and éhSuperAGILE [2]
that is a X-ray detector operational in the 18-60 keV band.

Fermi/GBM, SuperAGILE and the Mini Calorimeter in the AGILE mission can in-
dependently trigger on a burst event respectively in the engy band (8 keV - few MeV),
(18-60 keV) and (0.3-100 MeV). Their eld of view is quite dierent however, ranging
from 2 sr for SuperAGILE to almost 4 sr for MiniCalorimeter awnl 6 sr for Fermi/GBM.
If the burst, triggered by these instruments or by other migsns, is in the eld of view of
one of the two -ray detectors a high energy signal is searched.

In the AGILE quick-look pipeline the GRB signal is searchedhithe burst T90. During
this time interval both background and signal are supposeatfollow a Poisson distribution
and the signal to be non-negative. The background averageteais computed before
the burst trigger, in the same signal extraction region (15g from the GRB position),
with the same analysis cuts and in a time interval at least 10imes longer than the
signal duration. Instead in the Fermi/LAT pipeline a map of the test statistic variable
is computed. The test statistic distribution indicates howmuch the data dier from
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the background model used. In this thesis the non-detectiocases are considered: a
methodology for the computation of the upper limit on the sigal is proposed. This
method is based on the Bayesian statistics and was elaboratieom Helene[5] it considers
a Poisson uctuations of the known background mean and an estated signal in the
region of interest.

The applications of this upper limit computing method to theAGILE and the Fermi/LAT
data are also showed deriving upper limit on GRB ux. The AGILE energy coverage is
smaller but starts from lower energy with respect the actudrermi/LAT energy band. In
the AGILE energy range above 30 MeV and till 3 GeV, the estimad GRB ux upper
limits range between 1 10 2and 1 10 2 ph s ! cm 2. Instead the Fermi/LAT ux
upper limit is roughly 5 10 ° ph s ! cm 2 in the energy range from 100 MeV to 100
GeV, but the analysis is still on-going.

The studies of the upper limits help to understand the GRB erssion mechanisms:
most of these burst are not detected in the highest energy bamven if the extrapolation
of their spectra from the low energy band predicts a detectéd ux from those two
instruments. On the other case there are some GRBs with low engy spectra predicting
a non detectable high energy ux but with high energy photonglearly detected. This
photons indicate the existence of a new component above 10@Wilin the GRB s photon
spectrum extending up to the GeV region.

This thesis gives a new contribution on the computation of th upper limits on the GRB
ux in both the gamma-ray experiments operating nowadays. fie thesis will concentrate
in particular on the study of the upper limits in interesting cases, when a high energy
signal is predicted but not detected, giving some hints on 8@GRB source physics.

The upper limit analysis was performed within the AGILE colaboration and a paper
is quite to be submitted (the analysis and results are prese in chapter 6). A similar,
but more complex analysis is on-going within the LAT collab@tion, some preliminary
results are shown in chapter7.

The rst chapter is an overview on the gamma astrophysics, wie the second concen-
trates on the GRB eld. The AGILE and the LAT instruments are presented respectively
in chapters 3 and 4. In chapter 5 the Helene method is presedievhile the application
and the results of this method are shown in chapters 6 and 7 sggectively for AGILE and
LAT data.



Chapter 1

Gamma-Ray Astrophysics

The study of high energy astrophysics is clarifying questis such as the origin of Cosmic
Rays in Supernova Remnants, the composition and the velogiof the Extragalactic Jets
in powerful Active Galactic Nuclei, the behaviour of elecomagnetic elds in strong grav-
itational elds typical of Pulsars, the magnetic reconnedbn process in Solar Flares or the
nature of the mysterious Gamma-ray Bursts. Furthermore futhlamental questions as the
possible evidence of Dark matter annihilation in the centenf the Galaxy or the violation
of Lorentz invariance. The main experiments are built and nmeaged by researchers shar-
ing both high energy particle physics and astrophysics expise [6]. After the EGRET
experiment [1] on CGRO ended in June 2000, there was no spaesdd experiment able
to look at the -ray sky above 100 MeV, until the AGILE and the Fermi satellies were
launched, in April 2007 and June 2008 respectively. Sinceelih designs and performance
are signi cantly advanced compared to their predecessomése two experiments reach an
unprecedented sensitivity and allow a better and deeper uadstanding of the -ray sky.

1.0.1 Resolve the -ray sky: the origins of di use emission and
the nature of unidenti ed sources

The EGRET heritage

The EGRET mission was very successful, with 271 sources rejed in the Third EGRET
Catalog, far more than the 25 sources detected by its predeser COS-B. Among these
sources, 6 were pulsars, 90 were blazars and 170 were unidsht These numbers show
the limitations of EGRET: 6 pulsars are not enough to perforna real population study,
and it is nearly impossible to have a complete understandingf the sky when almost two
thirds of the sources are unidenti ed. The relatively smalhumber of detected sources and
the lack of identi cation was due to the limited sensitivity of the detector, arising from
a rather poor angular resolution (5.8 at 100 MeV and 0.5 at 10 GeV) and a relatively
small eld of view. The successors of EGRET had to overcomedke limitations in order
to reach a higher sensitivity.

Population studies of the unidenti ed EGRET sources have ab provided clues about
their natures. For example, spatial-statistical considetions and variability studies pro-
vide evidence for a population of Galactic and variable GeV-ray emitters among the
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unidenti ed EGRET sources [7]. Many sources may be relatedtstar-forming sites in
the solar neighborhood or a few kiloparsecs away along thel@etic plane [8]. These sites
harbor compact stellar remnants, SNRs and massive stars.i. many likely candidate -
ray emitters. Pulsar populations may also explain a largedction of unidenti ed sources
close to the Galactic plane [9] and possibly in the nearby staurst Gould Belt [10]. Other
candidate objects among the unidenti ed sources include da-quiet neutron star binary
systems [11] and systems with advection-dominated acciati ows onto a black hole such
as Cygnus X-1, detected as a aring source by MAGIC [12].

With regard to extragalactic sources, understanding the riare of the unidenti ed
sources is important because new-ray emitting source classes (e.g., normal galaxies,
clusters, etc.) are likely to be found in addition to the wellestablished blazars. A census
of these sources is important for establishing their contyution to the extragalactic -ray
background (EGRB; see 1.0.1).

In order to detect -rays and measure their directions and energies, a spaceds
detector needs three sub-detectors: a tracker, in whichrrays pair-convert, to measure
their directions, a calorimeter to measure their energiesd an anti-coincidence detector
(ACD) to reject charged particles. EGRET used a spark chamlodo track e e pairs. By
using the silicon strip technique with tungsten convertersAGILE and Fermi are able to
achieve a ner precision in the measurement of the directioof the incoming -ray. This
technique also leads to a better aspect ratio: the height ofi¢ tracker is reduced and thus
the eld of view is greatly enhanced. The ACD of EGRET was a maulithic dome, which
caused problems above 10 GeV: electromagnetic showers in the calorimeter produte
backsplash which made a signal in the ACD, thus tagging higmergy -rays incorrectly
as charged particles. To overcome this vetoing problem, tCDs of AGILE and Fermi
are segmented. Another limitation of EGRET was its large deHime, which was a serious
drawback for measurement of gamma-ray bursts (GRBs). Thaskio the silicon tracker
system, AGILE and Fermi have a very small deadtime.

These capabilities greatly facilitate the source identi ation process in the following
ways:

(1) Provide good source localization for the majority of -ray sources, including all of
the EGRET detected sources, with an error box smaller than B..

(2) Measure source spectra over a broad energy range. Detanimg -ray spectra
will allow investigation of features intrinsic to the soures such as absorption signatures,
spectral breaks, transitions, and cuto s

(3) Measure -ray light curves over a broad range of timescales. The largeective
area, wide eld of view, stability, and low readout deadtimeof the instruments enable
measurement of source ux variability over a wide range of ithescales.

Population studies for a prospective source class help tolesst the most promising
individual candidate sources for carrying out deep multirfequency identi cation cam-
paigns based on their broadband non-thermal properties aradso help with investigating
common characteristics of the candidate population. For exnple, galaxy clusters, as a
candidate population, can be characterized by mass as dedddrom optical richness, by
temperature and mass functions, by applying virial mass-ev-distance constraints, and by
observational characteristics such as the presence or alise of merger activity, the pres-
ence or absence of di use radio halos or indications of nomtmal spectral components
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in the hard-X-rays.

AGILE and Fermi observations should allow at least several members amongleaew
candidate source populations to be individually discovedeand characterized. In view
of the large number of expected detections, most probablymeesenting di erent source
classes, con rmation of a given population as-ray emitters will require a common criteria
for statistical assessment [13], as well as dedicated mulsivelength observing campaigns
[14].

Interstellar emission from the Milky Way, nearby galaxies, and galaxy clusters

The di use emission of the Milky Way is an intense celestialignal that dominates the -
ray sky. The di use emission traces energetic particle intactions in the ISM, primarily
protons and electrons, thus providing information about camic-ray spectra and inten-
sities in distant locations [15]. This information is impotant for studies of cosmic-ray
acceleration and propagation in the Galaxy [16]. -rays can be used to trace the inter-
stellar gas independently of other astronomical methods,ge, the relation of molecular
H, gas to CO molecule [17] and hydrogen overlooked by other metts [18]. The di use
emission may also contain signatures of new physics, suchdask matter, or may be used
to put restrictions on the parameter space of supersymmetal particle models and on
cosmological models (se€l.0.4). The Galactic di use emission must also be modeled in
detail in order to determine the Galactic and extragalactic -ray backgrounds and hence
to build a reliable source catalog.

One of the critical issues for di use emission remaining fro the EGRET era is the so-
called \GeV excess". This puzzling excess emission above &é\&relative to that expected
[15, 19] has shown up in all models that are tuned to be congst with directly measured
cosmic-ray nucleon and electron spectra [20]. The excess lshown up in all directions,
not only in the Galactic plane. The origin of the excess is iensively debated in the
literature since its discovery [15].

The excess can be the result of an error in the determinatiori the EGRET e ective
area or energy response or could be the result of yet unknowhygics (for a discussion of
various hypotheses see [16]). Recent studies of the EGRETt@&ave concluded that the
EGRET sensitivity above 1 GeV has been overestimated [21] anderestimated [22] or
imply di erent cosmic-ray energy spectra in other parts of he Galaxy compared to the
local values [20, 23].

Fermi reported on the Galactic di use emission at intermedite Galactic latitudes
10 j B 20 [24], where most of the emission comes from interactions oRE with
the local gas. Fig. 1.1 shows that thd-ermi spectrum is well described by the sum of
three components: an a priori model for the Galactic di useraission (the black shaded
region), a point source contribution (light blue dots with fiaded region) and an isotropic
di use emission composed by an extragalactic di use emissi and residual background
(black dots with grey solid region). Fermi does not detect th EGRET GeV excess.

Understanding the Galactic di use emission is critical to aalysis of the GeV sources
and important for cosmic ray and dark matter studies. The samn basic considerations
needed for the development of the model of Galactic di use-ray emission also apply to
other galaxies that are candidates for study with the LAT. Fo example Fermi detected
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Figure 1.1: Comparison ofFermi Galactic di use emission measurement (red dots) with
model prediction (black shaded region) and contribution &m point sources (light blue
dots) and isotropic emission (black dots). [24].

and resolved the Large Magellanic Cloud [25]. The LMC is an eallent target for studying
the link between CR acceleration and -ray emission since it is nearby, has a large angular
extent, and is seen at a small inclination angle that avoidosirce confusion along the lines
of sight. In addition, the LMC is relatively active, housingmany supernova remnants,
bubbles and superbubbles and massive star forming regiofmat are all potential sites of
CR acceleration. The close correlation found bifermi between CR density and massive
star tracers supports the idea that CRs are accelerated in rssive star forming regions
as a result of the large amounts of kinetic energy that are inp by the stellar winds and
supernova explosions of massive stars into the interstallmedium.

Galaxy clusters emitting high-energy -rays are, although well hypothesized, observa-
tionally not yet established emitters in the GeV sky [26]. Redictions for galaxy clusters as
a candidate source class for detectable high-energy enussielate to observations of dif-
fuse radio signatures [27, 28], revealing the existence efativistic electrons in a number
of galaxy clusters.



Extragalactic di use emission

An isotropic, apparently extragalactic component of the fgh-energy -ray sky was studied
by EGRET [29]. This extragalactic -ray background (EGRB) is a superposition of all
unresolved sources of high-energyrays in the universe plus any truly di use component.
A list of the contributors to the EGRB includes "guaranteed" sources such as blazars
and normal galaxies [30, 31], and potential sources such asayy clusters [32], shock
waves associated with large scale cosmological structucenhation [33, 34], distant -ray
burst events [35], pair cascades from TeV-ray sources and UHE cosmic rays at high
redshifts. A consensus exists that a population of unreseld AGN certainly contribute
to the EGRB inferred from EGRET observations; however predtions range from 25%
up to 100% of the EGRB [36, 37, 38, 39]. A number of exotic soescthat may contribute
to the EGRB have also been proposed: baryon-antibaryon armilation phase after the
Big Bang [40, 41, 42], evaporation of primordial black holgg3, 44, 45], annihilation of
so-called weakly interacting massive particles (WIMPs) B 47, 48, 49, 50, 51], and strings
[52].

Fluctuation analysis, where signatures of excess varianaee searched for in the surface
brightness of the EGRB, is a very general approach to estimag the contribution of any
isotropically distributed source population to the di use ux. Application of this method
to the EGRET data set revealed a point source contribution tdhe EGRB of 5%{100%
from analysis on an angular scale of3 3.5, the scale of the Galactic di use emission
model[53], [15]. With LAT's sensitivity, point spread fun¢ion and more uniform exposure,
smaller spatial scales can be probed, thereby improving tlietectability of a signal from
contributing point sources to the EGRB.

1.0.2 Understand the mechanisms of particle acceleration i n ce-
lestial sources

-ray observations are a direct probe of particle acceleraih mechanisms operating in
astrophysical systems. Advances with LAT observations inup understanding of these
non-thermal processes can be anticipated by reference tsabveries made with EGRET
in several important source categories: blazars, pulsarsipernovae remnants, and the
Sun.

Blazar AGN jets

With high-con dence detections of more than 60 AGN, almostlaof them identi ed with

BL Lacs or Flat Spectrum Radio Quasars (FSRQs) [54], EGRET &blished blazars as
a class of powerful but highly variable -ray emitters, in accord with the uni ed model
of AGN and Blazar as supermassive black holes with accretialisks and jets. Although
blazars comprise only several per cent of the overall AGN polation, they largely dom-
inate the high-energy extragalactic sky. This is because stoof the non-thermal power,
which arises from relativistic jets that are narrowly beame& and boosted in the forward
direction, is emitted in the -ray band, whereas the presumably nearly-isotropic emissi
from the accretion disk is most luminous at optical, UV, and Xray energies. Most extra-
galactic sources detected in the GeV band are therefore exped to be blazar AGNs, in
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contrast with the situation at X-ray frequencies, where madsof the detected extragalactic
sources are radio-quiet AGN.

The blazar AGN spectra are usually well described by two brdahumps. This is
explained in purely leptonic models by an accelerated pogtion of electrons in a magnetic
eld: the low energy peak is due to the synchrotron emissiomnd the high energy peak is
due to Inverse Compton scattering. There are two kinds of btars: Flat Spectrum Radio
Quasars (FSRQs), having strong emission lines and an intensadiation eld due to the
accretion disk and clouds, BLLacs (BLs), which have nearlgétureless spectra and have a
low radiation eld. The synchrotron peaks of FSRQs lie at IR rergies and their IC peak
lies below 1 GeV. The IC emission is large because the intemadiation eld provides a
large density of IC targets. But this large density preventshe -rays from reaching very
high energy, which explains why the IC peak does not reach hey energies. For BLs, the
lower radiation eld allows the IC peak to reach hundreds of &V but the IC emission
is less intense. BLs are subclassi ed into low/intermediathigh-frequency peaked BLs
(LBLs/IBLs/HBLS), depending on the position of the synchrdron peak. With their broad
energy ranges, AGILE andFermi are very well suited to study AGN. AGILE [55] has
detected 13 AGNs and~ermi [56] has detected 119 AGNs in 3 months.

Thanks to its good energy resolutionFermi is able to perform a precise spectral
measurement of AGN. The spectral index of an AGN as measurey Bermi is correlated
with the position of the IC peak: Fermi measures the rising (falling) part of the IC peak
of BLs (FSRQs), so the spectral index is greater (lower) tha@. Fermi has found that
the spectral index changes continuously from FSRQs to HBLSince FSRQs show cosmic
evolution but the BLs do not, it seems to indicate that the yomg FSRQs with standard
accretion disk evolve to old BLs with radiatively ine cient accretion disk. Fermi also
discovered that many AGN exhibit a spectral break around a ¥ GeV. This is observed
for essentially all FSRQs and some LBLS, but not for HBLSs.

As an exampleFermi made the rst simultaneous observations that cover the opti
cal, X-ray, and high-energy gamma-ray bands of the BL Lac obgt PKS 2155-304. The
gamma-ray bands were observed for 11 days, between 2008 Aid@b and 2008 Septem-
ber 6, jointly with the Fermi Gamma-ray Space Telescope and the HESS atmospheric
Cherenkov array, providing the rst simultaneous MeV-TeV pectral energy distribution
(SED) with the new generation of gamma-ray telescopes. TheT®M telescope and the
RXTE and Swift observatories provided optical and X-ray cosrage of the low-energy
component over the same time period. The object was close twetlowest archival X-ray
and very high energy (VHE> 100 GeV) state, whereas the optical ux was much higher.
The light curves show relatively little (  30%) variability overall when compared to past
aring episodes, but this campaign found a clear optical/VHE correlation and evidence
for a correlation of the X-rays with the high-energy spectidaindex[57] as shown in g.
1.2.

Most viable current models of formation and structure of reitivistic jets involve con-
version of the gravitational energy of matter owing onto a entral supermassive black
hole. -ray ares are most likely related to the dissipation of magetic accretion energy
or extraction of energy from rotating black holes [58]. Hower, the conversion process
itself is not well understood, and many questions remain abbthe jets, such as: How are
they collimated and con ned? What is the composition of thegt, both in the initial and
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in the radiative phase? Where does the conversion betweeretkinetic power of the jet
into radiation take place, and how? What role is played by rativistic hadrons. There
are also questions about the role of the magnetic eld, suctsavhether the total kinetic
energy of the jet is, at least initially, dominated by Poynthg ux.

The rst step in answering these questions is to determine ghemission mechanisms
in order to infer the content of the luminous portions of jets This understanding should,
in turn, shed light on the jet formation process and its conraion to the accreting black
hole. Determining the emission mechanisms, whether domted by synchrotron self-
Compton, external Compton, or hadronic processes, requsrgensitive, simultaneous mul-
tiwavelength observations. Such observations can uncovére causal relationships be-
tween the variable emissions in di erent spectral bands anprovide detailed modeling of
the time-resolved, broadband spectra. The sensitivity andide bandpass of AGILE and
Fermi, coupled with well-coordinated multiwavelength campaigs, are essential.

Thanks to their sensitivity, AGILE and Fermi are able to perform much better vari-
ability measurements than EGRET, which is essential in ordg¢o understand the emission
mechanism in AGN. AGILE made several multiwavelenght campgns. One of the most
interesting objects studied by this means by AGILE is the blzar 3C 454.3. One simulta-
neous campaign was carried out on November 2007 with AGILENTEGRAL, Swift, the
WEBT Consortium, and the optical-NIR telescope REM. AGILE detect signi cant day-
by-day variability of the gamma-ray emission as shown in g B. A correlation analysis
based on the entire data set is consistent with no time-lagsetween the gamma-ray and
the optical ux variations[59].

Pulsars, pulsar wind nebulae and supernova remnants

Pulsars, with their unique temporal signature, were the oglde nitively identi ed EGRET
population of Galactic point sources. There were ve youngadio pulsars detected with
high signi cance, along with the radio-quiet pulsar Geming and one likely millisecond
pulsar (for a summary, see [61]). A number of other pulsars ddower signi cance pulse
detections and many of the bright, unidenti ed -ray sources are coincident with known
radio pulsars. Surrounding young pulsars are bright non-#rmal pulsar wind nebulae
(PWNe). In the case of the Crab pulsar, EGRET detected a cleasignature of PWN
emission on o -pulse phases; several other EGRET sourcesangoung pulsars/PWNe
show strong variability, possibly connected with variatios in the wind shock termination.
Even more encouraging has been the success in detecting PWbh{pton emission in the
TeV band [62] from a number of PWNe. Finally, it has long beenaticed [63, 64, 9] that -
ray sources are spatially correlated with massive star sgeincluding supernova remnants
(SNRs). While EGRET was not able to make de nitive associatins with SNRs, AGILE
and Fermi have the spatial and spectral resolution to do so. AGILE hasedected 21
pulsars [65] among them the remarkable PSR B1509-58 with a gmeetic eld in excess
of 10" Gauss, PSR J2229+6114 providing a reliable identi cationdr the previously
unidenti ed EGRET source 3EG 2227+6122 and the powerful mlisecond pulsar B1821-
24, in the globular cluster M28 [66]. WhileFermi has detected 46 pulsars [67] 16 young
radio pulsars, 16 new pulsars discovered in a blind searchda@ millisecond pulsars, in
addition to the 6 pulsars seen by EGRET.
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Figure 1.3: Light curves acquired during the period 2007 Nember 6-December 3. Black
circles represent AGILE data (30 MeV-50 GeV); red triangleepresent INTEGRAL/IBIS
data (20-200 keV); blue pentagons represent Swift/XRT datf0.3-10 keV); cyan-solid and
green-open squares represent R-band WEBT and REM [60] dataspectively[59].

Pulsar magnetospheric emission

Rotation-induced electric elds in charge-depleted regits of pulsar magnetospheres
(\gaps") accelerate charges to ten's of TeV and produce nahermal emission across
the electromagnetic spectrum. The coherent radio emissiothrough which most pulsars
are discovered, is however a side-show, representing a tifmaction of the spin-down
power. In contrast GeV peak in the pulsed power can represent as much as 20-30%
of the total spin-down. This emission, with its complex puls pro le and phase-varying
spectrum, thus gives the key to understanding these impoméastrophysical accelerators.
A basic issue is whether the high energy emission arises néa surface, close to the
classical radio emission (\the polar cap” model [68]) or at signi cant fraction of the light
cylinder distance (\outer gap” models [69, 70]). In additio to geometrical (beam-shape)
di erences, the two scenarios predict that di erent physis dominates the pair production.
Near the surface + B ! €' + e is important, while in the outer magnetosphere

+ | "+ e dominates; these result in substantially di erent predictons for the high
energy pulsar spectrum. The peaks of the-ray light curve are appreciably o set from
the radio peak, suggesting that the -rays arise at high altitude. This is con rmed by the
spectral shape of the pulsars: all spectra are well modeledtiwa simple power law with
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an exponential cut-o, as shown in Fig. 1.4 and treated extesively in [67]. Low altitude
emission would imply an hyper-exponential cut-o becausefgair attenuation with the
strong magnetic eld.
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Figure 1.4: Vela spectrum measured biyermi tted with a power law with an exponential
cut-o [71].

Related to these pulsars discoveries is the rst detectiort a -ray energies of a globular
cluster, 47 Tucanae, byrermi [72]. Globular clusters contain from tens to several hundde
of millisecond pulsars (MSPs). Sincdermi had discovered a population of MSPs, it
seemed possible to nally detect a globular cluster. So faB2ViISPs have been detected
in 47-Tuc by radio and/or X-ray observations and the total pulation is estimated at
30-60. The spectrum measured bifermi is well tted by a power law with exponential
cut-o, as are all pulsars seen byrermi. The spectral index and cut-o are very similar
to the mean spectral index and cut-o of the 8 MSPs detected bifermi. Fermi reported
an estimation of the total number of MSPs in 47 Tuc which is copatible with previous
estimates.

Pulsar wind Nebulae and unidenti ed sources

For the Crab pulsar, EGRET detected unpulsed, possibly vaable, emission below
150 MeV (likely synchrotron) and Compton-scattered PWN ensision at higher energies

[73]. In this and other pulsars the connection with the IC uxobserved in the TeV
band is particularly valuable in constraining the PWN B eld and the injected particle
spectrum. Recent successes with detecting PWN at TeV enezgishow that the Galactic
plane contains an abundance of such sources.

AGILE detected the Vela pulsar wind nebula in the energy rargfrom 100 MeV to
3 GeV[74]. This discovery disfavours PWN hadronic models drconstrains the electron
population responsible for the GeV emission and establisha class of gamma-ray emitters
that could account for a fraction of the unidenti ed Galactic gamma-ray sources.
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Fermi using 8 months of survey data examined the high energgbaviour of the Crab
Pulsar and Nebula[75]. The spectrum of the nebula in the ergr range 100 MeV -
300 GeV is well described by the sum of two power-laws desanidp the synchrotron and
inverse Compton components of the Crab Nebula spectrum. Nateo energy can be
estimated for the synchrotron component. The IC rising edgstudied in the LAT energy
range extends up to the energy domain covered by Cherenkoypeximents. No signi cant
cut-o at high energy is observed in theFermi energy range.

Supernova remnants

Cosmic rays with energy 10 eV have long been thought to be shock-accelerated
in supernova remnants. For some time, non-thermal X-ray ession has implied a sig-
ni cant population of electrons accelerated to TeV energge[76]. Moreover, recently the
HESS experiment has had great success in detecting TeV enussfrom Galactic SNR
[62]. However the origin of this emission (inverse Comptorcatering from a leptonic
component or ° decay from a hadronic component) is still uncertain. AGILE ad Fermi
have the spatial and spectral sensitivity to resolve this @gstion and thus constrain the
origin of cosmic rays.

Fermi discovered a bright gamma-ray emission coincident i supernova remnant
(SNR) W51CJ[77]. W51C is a middle-aged remnant ( 10* yr) with intense radio syn-
chrotron emission in its shell and known to be interacting wh a molecular cloud. The
gamma-ray emission is spatially extended, broadly consesit with the radio and X-ray
extent of SNR W51C. The energy spectrum in the 0.2{50 GeV banekhibits steepening
toward high energies. The observed-rays can be explained reasonably by a combina-
tion of e cient acceleration of nuclear cosmic rays at superova shocks and shock-cloud
interactions. The decay of neutral -mesons produced in hadronic collisions provides a
plausible explanation for the -ray emission.

-ray emission from the Sun and solar system bodies

The 2005 January 20 solar are produced one of the most intemsfastest rising, and
hardest solar energetic particle events ever observed inasp or on the ground. -ray
measurements of the are [78, 79] revealed what appear to bea separate components of
particle acceleration at the Sun: i) an impulsive releasedting 10 min with a power-law
index of 3 observed in a compact region on the Sun and, ii) an assoctteelease of
much higher energy particles having an spectral index 2.3 interacting at the Sun for
about two hours. Pion-decay -rays appear to dominate the latter component. Such
long-duration high-energy events have been observed be&fomost notably on 1991 June
11 when the EGRET instrument on CGRO observed 50 MeV emission for over 8 hours
[80]. It is possible that these high-energy components ar@ettly related to the particle
events observed in space and at Earth.

Solar activity was expected to rise in 2008 with a peak occumg as early as 2012 but so
far low activity was observed by dedicated instruments. Dung normal operationsFermi
will be able to observe the Sun about 20% of the time with the pgsibility of increasing
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that to about 60% during heightened solar activity. With LAT's large e ective area and
eld-of-view, and its low deadtime it is expected to observdens of these high-energy
events from the Sun. For intense events LAT may be able to lolze the source to about
30°9 su cient to determine if it originates from the are's X-ray footpoints or from a

di erent location that might be expected if the high-energyparticles were accelerated in
a shock associated with a coronal mass ejection.

The quiet Sun is also a source of-rays which is detectable by LAT. Estimates of
the cosmic-ray proton interactions with the solar atmosphre (solar albedo) were made
by [81], it is expected that LAT will observe a ux of 10 “ cm 2 s ! above 100 MeV
from pion decays that is at the limit of EGRET sensitivity [83. In addition, a di use
emission component with maximum in the direction of the Sunue to the inverse Compton
scattering of solar photons on cosmic-ray electrons was gieted to be detected by LAT
[83, 84, 85].

A detailed analysis of the EGRET data [85] yielded the ux of hese two solar compo-
nents at 4 , consistent with the predicted level. For the rst year ofFermi observations
the solar modulation was at its minimum corresponding to a mamum cosmic-ray ux
and, hence, maximum -ray emission from the Sun. LAT is able to detect the solar ers
sion almost daily when the Sun is not close to the Galactic pi@ and brightest sources.
Observations of the inverse Compton scattering of solar ptams allow for continuous mon-
itoring of the cosmic-ray electron spectrum from the closergximity of the solar surface to
Saturn's orbit at 10 AU, important for heliospheric cosmic-ay modulation studies. The
uxes of these components will vary over the solar cycle aslao modulation increases,
thus we can expect the highest uxes to be observed early indhFermi mission. The
overall solar emission has been detected a0 sigma level of con dence byermi; how-
ever there still is signi cant uncertainty in the determination of the relative contributions
of the solar disk and inverse Compton components. A power lag/ used to represent the
disk component and model for the inverse Compton componenaged on the measured
electron spectrum> 100 MeV at Earth. The ux of the disk componentis 3:2 10’
cm 2s 1, while that of IC componentis 1:5 10 ® cm 2s ! within a region of 20 radius
centered on the Sun [86].

The Moon is also a source of -rays due to CR interactions with its surface and
has been detected by EGRET [82]. However, contrary to the CRiteraction with the
gaseous atmospheres of the Earth and the Sun, the Moon sudas solid, consisting of
rock, making its albedo spectrum unique. The spectrum of-rays from the Moon is very
steep with an e ective cuto around 3{4 GeV (600 MeV for the imer part of the Moon
disk) and exhibits a narrow pion-decay line at 67.5 MeV, pedps unique in astrophysics
[87]. The gamma-ray emission from the Moon discovered by EGR has been con rmed
by Fermi and agrees in intensity for emission models that take into acunt the level
of solar modulation. The preliminary ux estimation for the lunar -ray emission is
F(E> 100MeV)=1:1 0:2 10 ®cm ?s ! with a spectral index of 3:13 0:03 obtained
by tting a simple power law between 100 MeV to 1 GeV. The lunarux measured is
higher than previous measurements but reasonably in agreent with the cosmic ray ux
increase due the solar minimum activity in this solar cycle.

Apart from other astrophysical sources, the albedo specimu of the Moon is well
understood, including its absolute normalization; this mkes it a useful \standard candle"
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for -ray telescopes. The steep albedo spectrum also providesraque opportunity for
energy calibration of -ray telescopes such as LAT. Finally, the brightest -ray source on
the sky is the Earth's atmosphere due to its proximity to the pacecraft. The Earth's
albedo due to the cosmic-ray interactions with the atmosphe has been observed by
EGRET [89] and by LAT [90]. Its observations can provide impdant information about
interactions of cosmic rays and solar wind particles with E¢éh's magnetic eld and the
atmosphere.

1.0.3 Study the high energy behavior of GRBs and transients

Over the last decade the study of X-ray, optical, and radio &frglows of -ray bursts
(GRBs) has revealed their distance scale, helping to trarmsin the subject from phe-
nomenological speculation to quantitative astrophysicainterpretation. We now know
that long-duration GRBs ( > 2 s) and at least some short-duration GRBs lie at cosmo-
logical distances and that both classes involve extremelywerful, relativistic explosions.
Long GRBs are associated with low metallicity hosts with hig star formation rates,
and have nuclear o sets of 10 kpc [91]. Long-duration bursts are typically found in
star-forming regions of galaxies and are sometimes asstaulawith supernovae, indicating
that the burst mechanism is associated with the collapse oéry massive stars [92]. Short-
duration bursts are often located in much lower star-formaon rate regions of the host
galaxy, suggesting that in some cases these bursts arisarfrthe coalescence of compact
objects [93, 94]. For the 30% of long-duration bursts seen bgwift that have measured
redshifts, the redshift distribution peaks nearz  2:8 [95], comparable to Radio-quiet
AGN. The sparse distribution for short bursts with spectrosopic redshifts spans a much
lower range,z 0:1 1:1. However, a photometric study of the host galaxies of short
bursts without spectroscopically determined redshifts mlicates that the fainter hosts tend
to lie at redshifts z > 1 [96].

EGRET detected two components of high-energy-ray emission from GRBs:> 100
MeV emission contemporaneous with the prompt pulsed emissidetected in the 10{1000
keV band, and a delayed component extending to GeV energidsat lasted more than an
hour in the case of GRB 940217 [97]. Analogous components aveletected in the short
burst GRB 930131 [98]. Most importantly, EGRET detected ondurst (GRB 941017) in
which a third power-law component was evident above the usuBand function spectrum
[99], with an inferred peak in F ( ) above 300 MeV during most of the prompt emission
phase [100]. This indicates that some bursts occur for whithe bulk of the energy release
falls in the LAT energy band. The prompt pulsed component inlese bursts was poorly
measured by EGRET since the severe spark chamber deadtimelQ0 ms/event) was
comparable to or longer than pulse timescales. The LAT is dgsed with low deadtime
( 26 sl/event) so that even very intense portions of bursts will beletected with very
little ( < few %) deadtime.

Internal and external shock models [101] are currently camained primarily by spec-
tral and temporal behavior at sub-MeV energies [102], whetbe most detailed observa-
tions have been made. But these observations span only a telaly narrow energy range.
The LAT's sensitivity will force comparison of models with dservations over a dynamic
range in energy of 10° 10% and a factor of 1C° including joint GBM observations.
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The AGILE calculation for the number of expected bursts is bsed on the number of
GRBs detected with respect to the number of GRBs in the EGRET eld of view: there
were 10 GRBs per year in the EGRET eld of view and only 1 per year wadetected.
In the rst year of the AGILE operation 25 bursts were in the AGILE eld of view,
but only 1 was detected (GRB080524B [GCN 7716]). During theesond year there were
30 GRBs in the AGILE and 2 were detected (GRB090401 [GCN 9068hd GRB090510
[GCN 9343]).

Fermi can provide time-dependent spectral diagnostics ofight bursts and will be able
to measure high-energy exponential spectral cuto s expesd for moderately high redshift
GRBs caused by absorption in the cosmic UV-optical background (compleméing
AGN probes).

To estimate the LAT sensitivity to GRB, a phenomenological ®B model is adopted
that assumes the spectrum of the GRB is described by the Bandriction, and the high-
energy power law extends up to LAT energies. In order to compathe LAT sensitivity
to GRB with the BATSE catalog of GRB, we compute the uence of ®RBs in the 50{300
keV energy band as shown in g. 1.5.

Detailed simulations, based on extrapolations from the BAJE-detected GRBs, and
adopting the distribution of Band parameters of the catalogof bright BATSE bursts
[103], suggest that the LAT may detect one burst per month, geending on the GRB
model for high energy emission (see g. 1.5). These estin@ts are in good agreement
with the observed number of GRBs. In the rst few months of opetions LAT has
already detected high-energy emission from ten GRBs: GRBI®5C [GCN 8183], the
bright GRB080916C [GCN 8246], GRB081024B [GCN 8407], GRBOBL5A [GCN 8684],
GRB090217 [GCN 8903], GRB090323 [GCN 9021], GRB090328 [G&WN' 7], GRB090510
[GCN 9334], GRB090626 [GCN 9584] and GRB090902B [GCN 9867].

For more than one-third of LAT-detected bursts, LAT localiations should be su -
ciently accurate for direct X-ray and optical counterpart garches. For instance, 50% of
the LAT bursts are projected to have localization errors comensurate with the eld of
view of Swift's XRT (239, which very e ciently detects afterglows with few arc-seond
error radii. Burst positions are also calculated rapidly omoard, albeit with less initial
accuracy, by the LAT ight software, as well as on the ground ¥ the science analysis
software pipeline, and distributed via the GCN network. Seahes are conducted during
ground analysis for fainter bursts not detected by the on-laovd trigger of the LAT.

Simulations show that LAT observations may constrain quantm gravity scenarios that
give rise to an energy-dependent speed of light and conseguenergy-dependent shifts
of GRB photon arrival times [104, 105]. Short-duration GRBswhich exhibit negligible
pulse spectral evolution above 10 keV may represent the ideal tool for this purpose [106].
Under the assumptions described in [107] and [108], the lowenit on quantum gravity
mass Mqg) obtained in this fashion is an order of magnitude lower the IBnk mass
(Mpjank ) for GRB 080916C and exceeds its value for GRB 090514 ¢c > 1:2 Mp)[108].
The Fermi/LAT properties important for such measurements are its brad energy range,
sensitivity at high energies, and<10 s event timing. The LAT's low deadtime and
simple event reconstruction, even for multi-photon eventenable searches for evaporation
of primordial black holes [109].
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Figure 1.5: Model-dependent LAT GRB sensitivity. The GRB spctrum is extrapolated
from BATSE to LAT energies. The all-sky burst rate is assumetb be 50 GRB yr ?* full
sky (above the peak ux in 256 ms of 10 ph $ cm 2 in the 50-300 keV or with an energy
ux in the 20-2000 keV band greater than 2 10 ° erg/cm?), based on BATSE catalog of
bright bursts. The e ect of the EBL absorption (see section 1.0.5) is included. Di erent
curves refer to di erent energy thresholds. Dashed curvesethe result of the analysis
excluding very hard bursts, with a beta greater than -2.

1.0.4 Probe the nature of dark matter

Compelling evidence for large amounts of nonbaryonic matten the Universe is provided
by the rotation curves of galaxies, structure-formation aguments, the dynamics and weak
lensing of clusters of galaxies, and, most recently, WMAP rasurements of the CMB
([110], for review see, [111]). One of the most attractive wdidates for Dark Matter
is the Weakly Interacting Massive Particle (WIMP). Severaltheoretical candidates for
WIMPs are provided in extensions of the Standard Model of Pacle Physics such as
Super-Symmetry. Searches for predicted particle states thfese theories are one of the
prime goals of accelerator-based particle physics, in pelar the experiments at the
Large Hadron Collider (LHC), which was planned to be operatnal in 2008 and now is
running with 2 TeV as central mass energy.

Annihilations of WIMPs can lead to signals in radio waves, ngrinos, antiprotons and
positrons and -rays. -ray observations have the advantage over charged partisi¢hat
the direction of the -rays points back to the source, and they are not subject to ddional
ux uncertainties such as unknown trapping times [49, 50]. bwever, predicted rates are
subject to signi cant astrophysical uncertainties. Subsucture in Dark Matter Halos is
especially uncertain, with the predicted ux, for a given amihilation cross section, varying
by several orders of magnitude.

Di erent astrophysical sources can be used to search for gsal from WIMP annihi-
lations, each with advantages and challenges.

Generally,sensitivities are in the cosmologically intesting region ofhvi 10 26
10 2> cm® s 1, in the mass range between 40 and 200 GeV [112].

The intensity needed to detect a -ray line with 5 signi cance is in the vicinity of
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10 ® ph cm 2 s 2 sr ! for an annulus around the Galactic Center (masking the galéic
plane to 15).

In [113], information obtainable with Fermi is compared with what may be learned
at upcoming accelerator-based experiments, for a range @rpcle Dark Matter models.
Over sizable ranges of particle model parameter spade&ermi has signi cant sensitivity
and will provide key pieces of the puzzle. The challenge wile to untangle the annihilation
signals from the astrophysical backgrounds due to other presses.

1.0.5 Use high-energy -rays to probe the early universe

Photons above 10 GeV can probe the era of galaxy formation thugh absorption by near
UV, optical, and near IR extragalactic background light (EB.). The EBL at IR to UV
wavelengths is accumulated radiation from structure and at formation and its subsequent
evolution in the universe with the main contributors being he starlight in the optical to
UV band, and IR radiation from dust reprocessed starlight @e [114, 115, 116, 117]).

Since direct measurements of EBL su er from large systematiuncertainties due to
contamination by the bright foreground (interplanetary dust, stars and gas in the Milky
Way, etc.), the indirect probe provided by absorption of hig-energy -rays via pair pro-
duction ( + ! €e" + e ), emitted from blazars, during their propagation in the EBL
elds, can be a powerful tool for probing the EBL density. Forexample, observations
of relatively nearby TeV blazars by the HESS [118] and the MAIE [119] atmospheric
Cherenkov telescopes have placed signi cant limits on theBE at IR energies in the
local universe. With the expected LAT ux sensitivity the number of detected -ray
loud blazars will increase to potentially several thousandources (seel.0.2) with red-
shiftsuptoz 5 6. Such a large number of sources will be required for a staits
cally meaningful search for evolutionary behavior of spaei absorption features in bright
and hard-spectrum AGNs. Any of the analysis methods emplogeequires disentangling
source intrinsic opacity e ects, particularly if they are eolutionary with redshift, from
the absorption due to EBL. Absorption in the local environmat of AGN but external to
the jet radiation elds has been shown to mimic an absorptiorpattern similar to what
is expected from EBL attenuation of -rays [120], i.e. higher -ray opacities from higher
redshift sources. Careful source selection and a statigticassessment of the radiation
eld density at the -ray source site will be an integral part of the analysis. Matoring
of external photon elds in AGN (e.g., broad-line region lies) and correlating with the
observed -ray cuto energy may o er veri cation, and possibly quanti cation, of this
e ect.

1.0.6 Cosmic-ray electrons

Prior to Fermi, available data on high energy electrons were obtained mégirin balloon-
borne experiments (except AMS-01) and had limited statists. Since the only important
di erence between ée and -rays in the Fermi-LAT instrument is a signal detected by
the ACD, the Fermi team carefully investigated the capability of the LAT to meaure
cosmic-ray electrons. As a result, a high statistics speatn of electrons for the energy
range 20 GeV - 1 TeV was obtained [121]. This spectrum and thecent PAMELA
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positron fraction result suggests that there is one or sewarnearby sources of'ee (be-

lieved to be pulsars or SNRs) responsible for the excess wittspect to the conventional
model (based on contribution from quasi-uniformly distrilnted distant sources). A pos-
sible primary source of high-energy cosmic-ray electronshe annihilation or decay of
particle dark matter in the Galactic halo, but the pulsar interpretation seems to be fa-
vored by Fermi-LAT cosmic-ray electrons data [122].
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Chapter 2

GRB observations and theory

Gamma-Ray Bursts (GRBSs), are short and intense pulses of higgnergy radiation whose
duration varies from fractions of a second to several hundteof seconds. Their serendip-
ity discovery by the four Vela satellites in the late sixtieshas fascinated since then the
astronomers and the astrophysicists. The rst two satellgés of the program (Vela- 5A
and 5B) were launched on 23 May 1969, other two satellites (e 6A and 6B) on 1970.
It was in 1969-70 that the Vela spacecraft rst discovered gama-ray bursts [123] with
the position information. The rst GRB was discovered in Juy 1967 with an erlier ver-
tion of the Vela 5 satellites (Vela 4) that did not permit to measure the GRB position.
After having rejected the hypothesis of Russian nuclear egpments, they were rstly
associated to Galactic objects; due to their transient bek#&r, they were associated with
explosions of neutron stars. Given the high amount of energggistered in a short time
by the satellites, this was then the most natural hypothesis

The Galactic origin of GRB remained undisputed until the lamch of the Compton
Gamma Ray Observatory (GCRO) in 1991. CGRO had four instrunmgs that cover an
unprecedented six orders of magnitude in energy, from 30 keld 30 GeV. Over this
energy range CGRO had an improved sensitivity over previoumissions of a full order
of magnitude. It operated for almost 9 years and the missiomded on June 4 2000.
The Burst and Transient Source Experiment (BATSE) was a butsdedicated instrument,
covering the all sky in the energy band 20-1000 keV. In its oping period it recorded
more than 2700 burst and their isotropic distribution ruledout some models of local origin.
If the burst population were Galactic than their distribution in the sky should re ect the
higher concentration of matter in the Galactic plane. Theirorigin was thus thought
to be extragalactic and, as a consequence, the energy redehéncreases. The overall
observed uences range from 1@erg/cm? to 10 “erg/cm? (the lower limit depends, of
course, on the characteristic of the detectors and not on thieursts themselves). This
can be translated, considering a cosmological distancetanan isotropic luminosity of
10°*  1C%erg/s (for z 1), making GRB one of the most luminous objects in the sky.
The Galactic or extragalactic origin of GRB was anyway debad for several years till the
measurement of their redshift clari ed their extragalactc origin.

21



GRB observations and theory

2.1 The GRB observations

2.1.1 Global properties
The BATSE catalogue

The BATSE detector on board the CGRO observed more than 270Qtst, in its 9 years
of observations. Each of the eight detector modules contaiwo Nal(Tl) scintillation

detectors: a Large Area Detector (LAD) optimized for sensitity and directional response,
and a Spectroscopy Detector (SD) optimized for energy coegre and energy resolution.

Since that the number of observed bursts is large enough a gostatistic is avail-
able to summarize the GRB properties in terms of global obse&bles. The most re-
cent version of the BATSE catalogue cover all the detected bats up to (and includ-
ing) May 26, 2000. The catalogue can be found at the BATSE cdtagyue home page
(http : ==cossc:gsfc:nasa:gov=batse=BAT SEtlg=index:html) and contains eight ta-
bles characterizing the GRB phenomena.

Spatial properties

The recorded positions in the sky marked an important step faward in the GRB compre-
hension. Fig. 2.1 shows the distribution of the bursts obsexd by the BATSE observatory:
from this image is evident that the distribution of the GRBs n the sky is isotropic and
there are no preferred structures. This made the idea of theteagalactic origin the most
favorable.

2704 BATSE Gamma-Ray Bursts

Figure 2.1: Gamma-Ray Burst angular distribution. The gure shows the position of
each burst detected by the BATSE detector in Galactic coordate.
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Figure 2.2: Example of light curves observed by BATSE.

Temporal properties

The typical GRB light curve shows high variability at a time scale down to milliseconds.
In the majority of the bursts, substructure are well visibleand the emission peaks are
separated. In some cases the peaks are overlapping and trauliels a single peak burst or
a smooth pro le burst. In Fig. 2.2 are some examples of GRB'gyht curves as observed
by BATSE.

The recorded burst duration is expressed by means of the parater Tgo which mea-
sures the duration of the time interval during which 90% of tkb total observed counts
have been detected. The start of th@yy interval is de ned by the time at which 5% of
the total counts have been detected, and the end of tHig interval is de ned by the time
at which 95% of the total counts have been detected.

The distribution 0 the Tgg is shown in Fig. 2.3. The bimodal structure (in logarithmic
scale ofTg) is evident. From this distribution \short bursts" have been de ned as burst
with Ty less than 2 seconds and \long bursts” witiyg greater than 2 seconds. In gure
the distribution of the Tyg parameters is shown.

Spectral properties

The spectrum is typical non-thermal, the energy peaks at fewundred keV, and an
excellent phenomenological t has been proposed by Band et 1993) [99] using two
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Figure 2.3: GRB duration distribution from the BATSE catalogue [124]. TheTyg param-
eter is directly correlated with the intrinsic duration of the bursts. The distribution of
this quantity shows a bimodal distribution in Log(Tgo). The line in the plot correspond to
two separate Gaussian t and their summation. The two sepata distribution are related
to two di erent class of GRB: short bursts with Tyq less than 2 seconds and long burst,
with Tgo greater that 2 seconds.

power laws joined smoothly at a break energy at (  )Eo:
8
2 (E) exp( EE); forE < ( )Eo
N(E)= No_ ° (2.1)

(( )Eo) )(E) exp( ); forE  ( )Eo;

The eq.2.1, twice integrated on the energy, is the so callegd ( ) = E?N (E) spectrum.
This spectrum peaks atE, = ( +2) E, that is a parameter that can be easily measured.
In their work Band et al. present a small catalogue of the spea of 52 bright bursts
which they analyze in terms of the Band function. Preece et .al(2000) [125] present
a larger catalogue with 156 bursts selected for either highux or uence, considering
several spectral shape including the Band function. Ghinada et al. found that the
spectra of short GRBs can be better tted by a power law combied with an exponential
cuto at high energies [126]. The Band model is purely phenosnological and there no
particular theoretical model or physics hypothesis behind. It is an excellent parametric
representation of the GRB spectra in the BATSE energy rangeof most of the GRB.
The typical value for the Band model are 1 2, while Ep can varies from
below 100 keV to above than 1 MeV. The Band model predicts, nedy extrapolating the
spectrum at high energy, a power law decay with exponent. The typical spectrum of
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Figure 2.4: GRB spectrum at BATSE energy. The typical shapef@a GRB spectrum can
be well described, in most of the cases, by a broken power Igeined smoothly at a break
energy [99].

a GRB as seen at BATSE energy is plotted in Fig. 2.4, where alsoe t with the band
model has been performed.

The BATSE detector recorded the uences of the GRBs in four dgrent energy chan-
nels. They cover respectively the energy band from 20 to 50\kefrom 50 to 100, from
100 to 300 and greater than 300 keV (up to 1 MeV, nominally). St burst and long
burst appear to belong to two di erent distinct populations Moreover short bursts are
usually dimmer than long bursts. An useful parameter that aabe introduced to describe
the \hardness" of a burst is the \hardness ratio" and correspnd to the ratio between
the third and the second channel of the BATSE detector. The tative intensity between
this two channels are a good indicator of the position of thegak of the spectrum. Short
bursts were found to have on average higher hardness ratidgah long bursts, as shown
on gure 2.5. The existence of two distinct populations of bxsts implied the existence of
two kinds of progenitors and inner engines.

2.1.2 The afterglow

The prompt gamma emission from a GRB is sometimes followed laysecond transient
event at lower energies with longer lasting emission in the-My, optical and radio. The
rst x-ray GRB afterglow was measured by the BeppoSAX Missio (1996 - 2002). SAX
was a program of the Italian Space agency (ASI) with particigtion of the Netherlands
Agency for Aerospace programs (the acronyms stays for \S#iee per Astronomia X",

and was named in honor of Giuseppe Occhialini). On Feb 28 19B&ppoSAX detected the
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Figure 2.5: Hardness ratio versus durationTg) for BATSE GRBs. Short bursts (Ty .
2s) have higher hardness ratios than long burstsTgy & 25s), supporting the hypothesis
that short and long bursts constitute two separate populatins, probably originating from
di erent progenitors. [127]

x-ray afterglow from GRB 970228 [128] The exact position given by BeppoSAX led to
the discovery of optical afterglow [129], and consequentillyge measurement at the redshift
which established the extragalactic nature of these burstend solved what had for some
25 years been one of the greatest problems of astrophysicadi® afterglow was detected
in GRB 970508 [130]. These observations lead to the detectiof spectral breaks in the
afterglow emission (Figs. 2.6 data from Swift instruments)which provided support to the
collimated-emission model of GRBs and allowed us to signaatly constrain the energetics
of GRBs (see subsection2.2.5). By 2005, although afterglows had been detected from
about fty long GRBs, there were no such detections for shorGRBs. The afterglows of
short GRBs were hard to detect because the detectors had tahaeve precise localizations
using smaller numbers of photons, which required more contptional time than the case
of long GRBS. By the time a precise localization was achievexhd an X-ray sensitive
instrument was pointed toward the acquired location, the aéady weak afterglow of short
GRBs had decayed to the point of becoming undetectable. Thest afterglow from a
short GRB was detected by the Swift satellite thanks to its lgh sensitivity and fast
slewing (re-pointing) capabilities.

A new satellite, called Swift [131], that could observe theferglow of the burst swiftly
after its detection, was launched in 2004. Swift has a GRB dattor combined with a wide

1The naming convention for GRB is the year, month, and day of GRB. So that 970228 is the burst at
the second of February in the 1997
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eld X-ray and an optical/ultraviolet telescope, and the aklity to do automated rapid
slewing. Thus, it could localize afterglows with arcsec as@acy a minute or so after the
burst at -ray, X-ray, and optical wavelengths.

Swift's capabilities enable to study the transition betwee the energetic and chaotic
prompt emission, and the smoothly decaying softer afterglo Furthermore, it provides,
for the rst time, observations of the afterglows of short Tog . 2seq bursts, which lead
to redshift measurements of short GRBs and veri es the cosragical origin for them too.

Swift's observations of short GRBs showed that, unlike lonGRBs, they usually orig-
inate from regions with a low star-formation rate. This suggsted that short GRBs are
related to old stellar populations, possibly from mergersf@ompact-object binaries (i.e.,
neutron star-neutron star or neutron star-black hole). Futhermore, even though su-
pernova features such as red bumps and late-time rebrighieg were detected in the
afterglows of most long GRBs close enough to allow such a dgten, there were no evi-
dence of such features in the afterglows of short GRBs. Theskservations strengthened
the case for long and short GRBs having di erent kinds of pragnitors: compact-object
binaries for short GRBs versus massive stars for long GRBs.

The GRB afterglows, as observed by Swift, decayed on a powawl and progressively
softened from X-rays, to optical, to radio. As of December P9, Swift had detected 461
bursts in -ray, with almost all of them having an X-ray afterglow.

Swift is sensitive to a lower energy range (15 150,keV) and to bursts of longer
durations than other detectors. Therefore it is more sensie to GRBs of higher redshifts,
since the signal from such GRBs is more redshifted and timelatied. Due to its increased
sensitivity to distant GRBs, Swift observed GRB090423, themost distant GRB ever
observed. GRB090423 had a redshift af 8:1, and when it exploded the age of the
universe was only 4% of its current age. The redshift distribution of Swift GRB and
pre-Swift GRBs is shown in Fig. 2.7. As can be seen, Swift GRBse on average more
distant than pre-Swift GRBs.

2.1.3 Evidence for high energy emission

Due to the small eld of view, limited mainly by angular accepance of the detector, and
due to the small e ective area ( 150@&m?) only few bursts were observed by the EGRET
telescope, and due to the limited energy resolution the infmation on their spectral are
not satisfactory. The composition of the 5 bursts observedytEGRET showed no clear
evidence of cut-o at high energy (Fig. 2.8).

For the EGRET detector, due to the long dead time of the sparkiambers and due to
the low e ective area the lightcurves showed not the high véability seen with BATSE.
EGRET detected only 5 GRBs out of the 300 in its eld of view in he ten years of
operation.

GRB940217 is probably the most famous (Fig. 2.9)[97] GRB dstted with EGRET
and it was detected also with the Ulysses detector. The Ulyas mission is a joint mission
with NASA and ESA to explore the solar environment at high egbtic latitudes. It was
launched 6 October 1990. The prompt emission recorded by 9§es of GRB940217 is well
visible as continuous counts rate, while EGRET photons havikeen marked as dot with
error bars (see Fig. 2.9). Unfortunately the Earth occultedhe burst location for more
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Figure 2.6: Light curves of four well-sampled GRBs exhibitig a characteristic range of
potential jet break behavior at 1(Ps after the trigger. The light curves are composed of
measurements by two of Swift's detectors: the Burst Alert Tlescope (BAT-red) and the
X-Ray Telescope (XRT - blue). [132] and an optical telescope

than an hour. This burst became a very famous because when thérst location was once
again in the eld of view of the CGRO, EGRET detected one photo at extraordinary
energy (18 GeV) coming form the burst location, while the tgger rate of the Ulysses
were registering only background counts.

The energy range for spectroscopy studies of EGRET is betwe8.6 and 140 MeV.
These spectra where useful for the study of gamma-ray bursiad for the observations of
the high energy spectral range. Two important discoveriesade by EGRET on the GRB
eld: a very late emission of high energy photons (up to 90ms) in the GRB 940217 and
a spectral extra component at energies 10MeV lasted for more than 200s in the GRB
941017 (see Fig.2.10) [100]. Both these properties are insigtent with a pure electron
synchrotron model.

More recently, also the Astro-rivelatore Gamma ad ImmaginiLEggero (AGILE), de-
scribed in chapter 3, detected three GRBs with energy 30MeV: 080514B [134] with a
high energy delayed component, 090401B [135] and 09051®]1##ich shows an extended
high energy emission. GRB080514B is the rst GRB detected thi a pair-conversion
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Figure 2.7: Redshift distributions of GRBs detected by Swiin blue and of GRBs detected
by pre-Swift satellites in grey. The average redshift of th&wift sample is higher than
redshift of the previous observations (2.5 vs 1.2), becausé the greater sensitivity of
Swift to distant GRBs[133]. The solid (broad) theory curvellustrates the evolution of a
comoving volume element of the universe while the dotted (m@w) curve is a convolution
of the comoving volume with a model for the star formation rad.

tracker telescope above several tens of MeV more than ten yeafter the EGRET era.
The highest photon energy detected is about 300 MeV, while stoof the detected GRB
photons have energies in the range 25 - 50 MeV, consistent lwid spectrum with a
power law photon index of 2.5. This spectrum is also consistewith the extrapolation

of that obtained in the MeV range by other instruments. The met remarkable feature
of GRB080514B is its high energy extended emission, i.e. tfeet that the arrival times

of the high energy photons detected with the GRID are not coodent with the brightest
peak detected in hard X-rays. This feature, potentially cagble to place signi cant con-
straints on emission models, was already suggested conaggrthe EGRET bursts, then
further con rmed by the Fermi detection of GRB080916C [107&nd by the AGILE and
Fermi detection of GRB090510.

Eight years after the end of the CGRO mission, Fermi was lauhed on June 11th 2008.
The Fermi/LAT instrument has an e ective area 10 times large than the EGRET one
and together with a larger eld of view and a smaller dead timé collects more statistics
to perform a detailed temporal-spectral analysis see chat 4 and [3]. The possibility
to re-point itself autonomously when a bright GRB happens ahthe synergy with the
Fermi Gamma-Ray Burst Monitor instruments dedicated to theGRBs monitoring, make
the LAT a perfect instrument to investigate the problems opeed by EGRET on the GRB
high energy emission.
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Figure 2.8: Composite spectrum of 5 bursts. Even if the errdrars are quite large, a
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Figure 2.9: GRB940217 time history of the Ulysses (continus line) satellite and the
received EGRET photons (dot with error bars)[97]

In the rst 15 months of science operations more than 300 busswere detected with
the Gamma-ray Burst Monitor also on board of the Fermi satelie. Among those, 12
were detected also by the LAT instrument, both long and shorwith at least 10 photons
> 100MeV, but only few GRBs have also photons at energies1GeV.

The two properties of high energy GRBs identi ed by EGRET arenot seen in all the
GRBs detected by Fermi/LAT. The extended emission, still pesent after several tens of
seconds after the trigger when the low energy component igumed to the background
level, is present in almost all the LAT GRBs observed. Two busts do not show this
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Figure 2.10: Time divided spectrum of the GRB941017 obsed/simultaneously by several
detectors. An high energy extra component is clearly visilfrom the time bin (b), this
extra component arises at later time bins instead the low ergy component is decreasing.

feature: the 081215 burst (GCN 8684) and the \featureless"uiost 090217 (GCN 8903).
The GRBs 090323 (GCN 9021) and 090328 (GCN 9077), on the cam, show a very
long lasting high energy tail still present 300s after the tgger.

The other feature the EGRET GRBs showed, the presence of antexcomponent in
the spectrum, is even less con rmed by the LAT GRBs: only two lrsts have it, two don't,
while for the other bursts the extra-component hypothesissinot statistically signi cant.

The GRBs 090510 (GCN 9334) and 090902 (GCN 9867) are respeddti a short and

a long burst but they have very similar characteristics. Wih more than 150 photons
above 100 MeV and more than 20 above 1 GeV, they are the brighteGRBs seen so
far by the Fermi/LAT. For both the highest energy photon is 30 GeV but emitted at
di erent times: in the short one this photon comes in the rst second when the GBM
emission is still present, while for the long burst this phatn is received 82 seconds after
the trigger when the GBM emission is no more present. As wels @ther bursts also these
two have an extended emission lasting longer than the GBM ession, but the feature
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Figure 2.11: The time-integrated and time-resolved speetrfor GRB 090510 [108]. Panel
(a): best-t spectral model (Band+PL) for the time-integrated spectrum. Panel (b):
spectral evolution.

that is clearly detected in these bursts is the spectral exdrcomponents (shown in g.
2.11 for the GRB090510). This component is present not only ithe highest energies
(> 100 MeV) but also in the lowest GBM energy band (8 20 keV) [108], [137].

Thanks to the Fermi/LAT large eld of view and its timing capabilities a new feature
(already seen in GRB080514B by AGILE but with low signi cane) was con rmed: the
delayed onset of the> 100 MeV component. In 4 bursts (080916C (GCN 8246), 081024B
(GCN 8407), 090510, 090902B) this delay is clearly detectad shown in g. 2.1.3. In the
rst 3 seconds of GRB 080916C the lightcurve from the GBM det#ors shows a rst peak,
instead there are no photons in the LAT lightcurve when thee 100 MeV \transient” (see
4.2.3 for details) events are selected. In this rst time irgrval also the spectrum shows
a di erent behaviour with respect the others time bins as shen in g. 2.1.3 right panel:
there is a soft to hard evolution from bin a to bin b, but a hard b soft evolution later on
[107].

The rst GBM peak is missing in the LAT > 100 MeV events also in the short GRB
081024B (GCN 8407). The emission in the GBM lasts for less thd second and the LAT
data still shows a signal 3 seconds after the trigger. As fohe burst 080916C[107] the
spectrum of this rst peak has a softer high energy spectrahdex and the spectra of the
later emission are hardening. A summary of the LAT GRB propé¢ies can be found in
the table 2.1.
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Counts/bin

GRB Duration Events Delayed Long Lived Extra Highest Redshift
Onset Emission =~ Component Energy (GeV)

080825C long 10 yes no 0.6

080916C long >100 yes yes 13.2 4.35[138]

081024B short 10 yes yes 3

081215 long

090217 long 10 no no no 1

090323 long 20 yes 3.57[139]

090328 long 20 yes 0.736[140]

090510 short >150 yes yes yes 31 0.903[141]

090626 long 20 yes

090902B long > 200 yes yes yes 33 1.822[142]

£ 400

Table 2.1: Summary of the LAT GRB properties
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Figure 2.12: Left: multi-detector
light curve of GRB 080916C[107].
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15 seconds after the GBM trig-
ger. Right: Time-resolved spec-
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the delayed onset (time bin a) and
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d) are present in other bursts de-
tected by Fermi/LAT.
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2.2 The GRB Model

2.2.1 Inner engine of GRBs

The light curves of the prompt emission show a variability ofilliseconds to many minutes.
These short time scales imply that a compact object is invadd in the emission, with size
of the order of tens of kilometers, typical for black holes a@hneutron stars. The fact
that the burst duration is usually longer than the variability suggests a prolonged and
intermittent inner-engine activity in two or three di erent simultaneous time scales. This
disfavors any explosive model that releases the energy atcen The total energy emitted
in -rays is very high, about 18 erg, an amount comparable to the energy release from
supernovae. The above suggest that the inner engine of GREBgsists of a massive object,
most likely a newborn black hole, with a massiventass & 0:1M ) disk accreting into it.
The accretion explains the prolonged activity and the di eent time scales, and the black
hole satis es the size and energy requirements.

2.2.2 Progenitors of GRBs

There are multiple observational pieces of evidence that ggest that not all GRBs are
the same, and that there are di erent kinds of progenitors ashinner engines. Speci cally,
the duration and the hardness ratio-duration distributiors (Figs. 2.3 and 2.5) show that
there are two kinds of bursts: short-hard bursts and long bsts. Deep long-duration
observations of the optical afterglows of short bursts did at show any evidence of an
associated supernova [93, 127, 143]. On the other hand, suypea-emission spectra were
detected superimposed on the afterglows of most of the londRBs ( 20 GRBs) that
were close enoughz(. 1) to allow for such a detection [144].

Short duration bursts are primarily observed in regions wit low or no star formation,
therefore they are likely to be related to old stellar populdons. This suggests that these
bursts could be the result of mergers of compact binaries,duas neutron star-neutron
star or neutron star-black hole. The binary loses rotationaenergy through the emission
of gravitational radiation and eventually merges, forminga black hole and an accretion
disk surrounding it. The resulting system, then, produces &RB in a way similar to the
collapsar model described above.

Long bursts are observed in regions with high star formatioand are usually accom-
panied by supernovae, implying that they are related to the ehth of massive stars. The
massive star involved is most likely a Wolf-Rayet star? given that absorption features in
the afterglow of long GRBs [145] were explained by the presenof the fast-moving wind
of such a star. Furthermore, the fact that long-GRB counterarts are located within the
blue parts of galaxies argues against high-velocity progers (such as merging neutron
stars). The above suggest that long GRBs likely come from thepllapse of the core of a
Wolf-Rayet star that for some reason created a GRB instead pfst a supernova. Some of
the di erences between short and long GRBs come from the fatitat the engine of long

2Massive stars (Mass > 20M ) that rapidly lose their outer envelope by means of a very stong
stellar wind.
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GRBs operates at the center of a collapsing star, thereforeis covered by the mantle of
the star, while the engine of short GRBs is more or less expdse

Long GRB-supernova connection

In 1998, the optical telescope ROTSE discovered a transiesmission coincident in space
and time with BeppoSAX/BATSE long GRB980425 [146]. The lod#on, spectrum and
light curve of the optical transient lead to its identi cation as a very luminous Type Ic
supernovd (SN 1998bw) [147, 148]. This detection was a rst of its kindand suggested
that long GRBs are related to supernovae, and therefore to ¢hdeaths of massive stars.
Because GRB980425 was very subenergetic comparing to otkRBs (isotropic energy
emitted was 8 10* erg instead of the usual 180 10°*erg), the supernova-GRB
connection was initially called into question. However, aefv years later, a similar event
happened. Emission from a supernova (SN2003dh [149]) waseded on the afterglow
of long GRB030329. This time, the associated GRB had a normahergy. In addition to
those events, there have also been red emission \bumps" stipgosed on the afterglows
of GRBs, with color, timing, and brightness consistent withthe emission of a Type Ic
supernova similar to SN 1998bw (see [150] and references¢ime.

Based on the above, it is now believed that most, if not all, g GRBs are accompanied
with a Type Ic supernova. It should be noted, however, that rnoall Type Ic supernova
create a GRB. The speci c conditions that lead to the creatin of a GRB is one of the open
questions of the eld. Observational and theoretical evidece imply that high rotational
speeds, high progenitor masses, and regions of low metdili§l51, 152] favor the creation
of GRBs.

The collapsar model of GRBs can accommodate the existenceacfype Ic supernova.
Speci cally, the GRB and the underlying supernova are powed by di erent sources. The
supernova and the’®Ni that makes it bright are produced by a sub-relativistic diskwind
[152]. The wind begins as protons and neutrons, in about eduaroportions, and after it
cools, it ends up as®Ni. The nickel comes out in a large cone surrounding the GRB jet.

2.2.3 Jet formation

According to the generally accepted model of the progenit@and the emission mechanism
of GRBs, GRBs start with a cataclysmic event, such as the meggof two compact objects
or the collapse of the core of a rotating massive star, folled by the creation of a rapidly
spinning black hole and an accreting envelope around it (Fig2.13). This model, called
the "Collapsar model”, was initially proposed to explain log GRBs [152]. However, it
was realized that the mergers of compact-object binaries dh create short GRBs also
result a black hole-accretion disk system similar to the one the collapsar model.

The collapse of the accreting material that is near the equat of the envelope is some-
what inhibited by the strong centrifugal forces. Most of theaccretion happens through
two funnels that form on the poles of the black hole (on the asiof rotation). Large
amounts of energy ( 10°°erg=9 are deposited locally on the polar regions, possibly

3A Type Ic supernova has no hydrogen in its spectrum and lackstsong lines of HE | and Si Il.
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FORMATION OF A GAMMA-RAY BURST could begin either
with the merger of two neutron stars or with the collapse
’—. of a massive star. Both these events create a black hole
‘ Y with a disk of material around it. The hole-disk system, in X-RAYS,
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Figure 2.13: Sketch showing the process leading to the foriwen of a GRB[153].

through neutrino-driven winds [154], magneto-hydrodynar processes [58], magnetic in-
stabilities in the disk [155]. The sources for the depositeehergy are the gravitational
and rotational energy of the accreting envelope and the spimg black hole. The relative
contribution of each source (envelope or black hole) is unéwn and depends on which
energy-transfer mechanism is more e cient. It is more likgl that the largest fraction is
supplied by the gravitational energy of the envelope.

Outward radiation and matter pressure gradually build up atthe poles; however, they
are initially smaller than the pressure from the in-fallingmaterial. A point is reached,
at which the matter density over the poles and the accretionate are reduced to a large
enough degree that they cannot counter-balance the outwaptessure. At that point an
explosion occurs. A hot baryon-loaded ;€"; plasma (also called the \ reball") pushes
outwards through the layers of the envelope. Matter and preare gradients and magnetic
elds collimate the out ow, until it nally manages to erupt from the surface of the object
and break free in the form of two opposite narrow jets of hatfpening angle 1(° (Fig.
2.14). Because the baryon load of the reball plasma is smgMpc> E, whereMy, is the
total mass of the baryons, anck is the total energy of the reball) the reball is quickly
accelerated to relativistic velocities.
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2.2 The GRB Model

Figure 2.14: A hyper-relativistic jet ( 200) breaking out from the mantle of a 15
Wolf-Rayet star, 8s after it was launched from near the star's center. The jet'suminosity
is3 10%erg=4156].

In the rst stages following the ejection of the jet (preburs), the density of the jet is
very high, and any radiation produced in it is readily absorbd instead of escaping. As a
result, the jet accumulates energy, and its bulk Lorentz faor increases further. However,
as it expands, the optical depth is reduced, and radiation caescape from it. The fact
that the observed radiation has a power law and shows greatnability disfavors a model
of a uniformly dense reball expanding smoothly in the intestellar space and radiating on
a thermal spectrum. It was realized that the observed promptmission and the afterglow
could be produced during internal [157] and external shocK458], respectively. The
internal shocks happen inside the jet and between shells ofitarial moving at di erent
velocities. Such shells can be created if the energy-depiosi mechanism is intermittent.
During these shocks, the jet's electrons are acceleratedutira-relativistic velocities and
emit synchrotron radiation. Each peak of the prompt light cuve is considered to be
created during such an internal shock.

The external shock occurs when the jet eventually collidesitiv the ambient circum-
burst medium, and smoothly and slowly decelerates. Similgrto internal shocks, rel-
ativistic electrons emit synchrotron radiation observed @ an afterglow that starts from

-rays and gradually softens to longer wavelengths, down tadio as the jet is attenuated
by the circumburst medium.

While the general picture described by the collapsar moded accepted by the scienti ¢
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community, there is little consensus regarding some of itsethils. The inner engine of
GRBs is hidden from us, so we can make only indirect infererscabout its nature. As a
result, there is still uncertainty regarding many aspectsfahe model, such as how exactly
the jets are formed; which mechanism transfers energy frorhd inner engine to the jets;
the baryonic load of the jets; the jets' bulk Lorentz factor;which physical processes are
involved in the internal shocks; what speci ¢ circumstancelead to the creation of a GRB
instead of just a supernova, etc.

2.2.4 Relativistic expansion

The GRB reball has a high radiation density, so photon pairsof center of mass energy

2mc ¢ should readily annihilate and createe €' pairs, instead of escaping from the
reball. A calculation using typical values yields an opti@al depth 10% [159]. In
such a case, the emitted spectrum should be thermal and shoutot contain an MeV
or higher-energy component. This, in a rst view creates a padox, the \Compactness
problem,” since the observed spectrum is a power law and entks up to energies of at
least tens of GeV, with no indication of a cuto for both long and short GRBs.

The paradox can be solved if the radiating material is movingith relativistic velocities
towards us. In such a case, the observed GeV/MeV photons aetly have a lower energy
in the reball frame of reference. Therefore, the optical dgh of the reball for the
observed photons is actually lower, since there is now a stealnumber of photon pairs
with a center of mass energy over the annihilation threshol(Pm.c?). If we assume that
the photon energies inside the reball are distributed on a @ver law I ,E 2, then this
e ect will decrease the opacity by factor 22, where is the bulk Lorentz factor of the
reball [160]. Furthermore, because of relativistic contaiction, the implied dimensions of
the source moving towards us will be smaller by a factor of? than its proper size. The
power of two comes after considering the curvature of the ettimmg region (spherical-cap
shape). As a result, the source's density is actually smalley a factor of “# and the
optical depth smaller by a factor 2. The combined e ect is that the optical depth
is actually lower by a factor of 22 2 than what it would be for a non-relativistic jet,
thus solving the paradox. Based on the above consideratioasd the amount of detected
MeV/GeV radiation from GRBs, lower limits on the bulk Lorentz factor of & 1220 were
placed for short GRBs [108] and & 1000 for long GRBs [137].

Another piece of evidence supporting the case for relatitis motion of the ejecta
comes from the fact that estimates of the size of the afterglotwo weeks after the burst,
independently provided by radio scintillation [161] and lwer-frequency self absorption
[162], can be explained only by assuming relativistic expsion.

2.2.5 Energetics and collimated emission

The afterglow light curves of GRBs exhibit achromatic specal breaks (Fig. 2.6) that
can be explained by assuming that the geometry of the ejecta ¢onical (on two opposite
jets) instead of spherical.
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RELATIVITY PLAYS TRICKS on observers’
view of jets from gamma-ray bursts.

Moving at close to the speed of light,
the jet emits light in narrow beams.
Some beams bypass the observer.

LIGHT BEAM

f OBSERVER
L JET q

CENTRAL ENGINE

As the jet slows, the beams widen, so
fewer of them bypass the observer.
More of the jet comes into view.

Eventually beams from the edges
reach the observer. The entire jet is
now visible. Data reveal this transition,

Figure 2.15 shows how this can happen. Because the
reball is moving with relativistic velocities, its emission is
beamed. Consider an observer that is inside the projection
of the emission cone of the reball. Initially, when the bulk
Lorentz factor of the reball is very high, the relativistically-
beamed radiation will be emitted in a very narrow cone.
As a result, the observer will not be able to see the emis-
sion from a part of the reball. Such a case is shown in
the top picture of gure 2.15, in which radiation from the
sides of the reball is clearly not visible by the observer.
As the GRB progresses, the surface of the reball expands
(as/ t?), and the emitted radiation density drops with
the same rate, causing a gradual decrease in the observed
brightness of the burst. However, because of the expan-
sion, the bulk Lorentz factor is reduced, and the relativist
beaming becomes wider. As a result, a larger fraction of the
surface of the reball will come in the eld of view of the
observer (middle picture), reducing the decay rate of the eb
served GRB brightness (now/ t 2 instead of / t ?).
Eventually, all of the surface of the burst becomes visible
to the observer, and a gradually increasing fraction of the
reball is no longer able to be seen. The decay rate of the
burst's brightness now depends only on the expansion of
the reball's surface and becomes proportional to 2. This
transition, appearing as an achromatic break on the after-
glow light curve, has been observed on many GRBs. For the
GRB afterglows with no observed jet breaks, it is assumed
that the breaks happened at a time long after the bursts,
when no observation data exist.

The typical energy emission of 1§ emitted in few sec-
onds is considerably higher than the emission from a typi-

Figure 2.15: Sketch showing cal supernova (18" erg emitted in few months or 18° erg in
how the relativistic beam- hundreds of seconds), and is di cult to explain. However,
ing combined with colli- the fact that the emission geometry is conical ameliorates
mated matter emission pro- these energy requirements. If the emission actually hap-
duces an achromatic spec-pened in a solid angle , then the true amount of emitted
tral break in the afterglow energy is

curve of GRBs[153].

Etrue = 2Eiso =4
1 coq |
= 2Eis —S( Jet)
2
'Zt
I Eiso %;

where e is the half opening angle of the emission cone. Fralt al. [163] estimated
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iet for a sample of GRBs, based on the occurrence time of the aamatic break in their
afterglow curves. Based onj, they calculated the true amount of emitted energy from
the isotropic-equivalent amount. Their result (Fig. 2.16)showed that even though the
isotropic-equivalent emitted energy spans a wide energynge (4 102 2 10%erg),
the true amount of emitted energy spans a considerably nawer energy range centered
at 3 10Cerg. This shows that the energy emission of GRBs is comparable tiwat of
supernovae, and suggests that GRBs have a standard energgamwoir. The fact that the
emission is conical also increases the implied rate of GRBg the same factor ( jzet),
since only GRBs with their emission cones pointing to the etlr are detected.
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Figure 2.16: GRB energetics: distribution of the isotropiequivalent emitted energy for
a selection of GRBs with known redshift{top), distribution of the geometry-corrected
emitted energy for the same GRBgbottom). Arrows are plotted for ve GRBs to indicate
lower or upper limits to the geometry-corrected energy[1h6
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2.2.6 Emission mechanisms

According to the collapsar model, the observed radiation igroduced at internal or ex-
ternal shocks. During these shocks, energy is transferred the jet's electrons through
a di usive shock acceleration mechanism [164] in which magtic eld irregularities keep
scattering the particles back and forth so they cross the sarshock multiple times. Dur-
ing the rst crossing, an electron gains an amount of energyf ¢he order of 2, where
sh IS the Lorentz factor of the shock front measured in the restdme of the jet [165].

Subsequent crossings are less e cient, and the gain is of tleeder of unity [165]. During
these shocks, the electrons are accelerated to ultra-relastic velocities ( e upto  1000)
and emit synchrotron radiation. The shocks may also accede protons. However, the
power of the synchrotron emission from protons is considdig smaller than the power
from the electrons. Therefore the detected radiation is lédy produced by electrons.

The shock energy is converted into kinetic energy and magineteld energy, the kinetic
energy is divided between both the electrons and the prototisat are in the out ow. The
fraction of energy carried by each of them can be representasl ., , and g respectively
and .+ ,+ g =1. These parameters are dimensionless and depending froheir value
the emission will be dominated by electrons or by protons. It is very small< 10 2 the
high energy emission component in the prompt phase is domted by the protons [166].
Protons and electrons can emit photons via synchrotron ensisn. Electrons can emit also
through inverse Compton (IC) processes and synchrotronfs€ompton processes (SSC).

Even if the same processes emits photons in the prompt and ihet afterglow phase
the two stages are characterized by di erent environmentasituation. The following de-
scription of the emission mechanisms is referred to only tigompt phase and not to the
afterglow phase. The relative importance between the eleoh synchrotron emission and
the electron IC emission depends on the parameter:

po _ U
= — 2.2
PS. ~ U (2:2)

where P and P, are the power from the IC and synchrotron emissions respegtly;

while U° and U$ are the energy density of the seed of the up-scattered photam the

IC interaction and of the magnetic eld respectively. IfE, 2m2c*=Ese (Where Eg is
the energy of the seed photon scattered by electrons) the 1Ceet is unimportant and
the synchrotron emission is dominant. On the contrary i€, ?m2c*=E,, the photon

spectrum from electrons is dominated by the IC emission.

In the particle interactions that take place in the out ow, also pions are produced. In
the case of charged pions, photons are emitted via synchrotr radiation, in the case of
neutral pions, instead, photons are emitted by the decay:° !

Synchrotron radiation

The spectrum of the GRBs in the keV-MeV range is usually explaed with a syn-
chrotron radiation from the electrons (as shown in g. 2.17)As electrons also protons can
emit synchrotron radiation but they are weaker emitters beamuse their mass is 2000
times the electron mass. To describe some quantities two mas are de ned usually:
the observer frame and the comoving frame (denoted with a \ ' ‘superscript). The
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synchrotron frequency in the observer frame is given by [167

_ eB° 0

T2 (1+ z)mec ©

where B' is the magnetic eld in the comoving frame, ? is the Lorentz factor of the

electron in the comoving frame and is the bulk Lorentz facto of the jet. To compute

the maximum energy can be reached by the synchrotron emissithe synchrotron cooling
time and the acceleration time must be balanced [167]:

(2.3)

_ 9hm.c? 30
T 16(1+2z) 2 1+z

h MeV (2.4)

that is, for 100, few GeV.

The synchrotron radiation from the protons if , = . is weaker by a factor ne=m;)?
so it could not be dominant in the sub-MeV region. But the probn population can reach
an higher Maximum Lorentz factor: ,E’,l;p = (Mp=me) ,E’,l;e. As a consequence the highest
energy emitted is higher than the maximum energy from eleains by a factor fn,=me).
The proton synchrotron emission is highly suppressed by theteraction of the protons
with the synchrotron photons from electrons [168] .

Electron Inverse Compton scattering

An electron moving in a background of soft photons can up-dter them to high energy
through the Inverse Compton (IC) process. The up-scattereghotons could be from the
shell plasma or could be emitted by the electron populationi& synchrotron process. The
latter mechanism is called Synchrotron-self Compton (SSCThe IC frequency is [167] :

© T 1+z1+9g '

where 2 is the frequency of the seed photon and the parametegr  oh 2=m.c® =

9E2=m.c*. When the parameterg 1 the scatter is in the Thompson regime and

R (2.6)

e se’

Instead wheng 1 than means thatE, ?m2c?=Eg the regime is called Klein Nishina
(KN).

In the KN regime the cross section of the scatter decreasesdahis produce a spectral
break in the photon spectrum. The electron emissivity decases by a factorg® and
the photon spectrum follows the electron spectrum [168]. EBhcontribution of the IC
component to the GRB spectrum is showed in g. 2.17.

-ray from pion production
The interactions between the protons and the low energy phams or between the
protons and other adrons produce neutral and charged pions:

p+n! n+n+ °*; p+n! p+p+

p+p! p+n+ *; p+p! p+p+ 0
p+n! p+n+
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+ | ]

p+ ! "l n+ *; p+ p+ O (2.7)

Subsequently the charged pions can decay producing positsoand electrons: !

+ (T)! e+ (et (T )+~ ( ). These charged particles can produce radiation
through the synchrotron process and their contribution to he GRB spectrum can be
seen in g. 2.17. As showed in the gure the typical range of emgies of this emission
component is from GeV to TeV, this is because the processesalved to produce them
happen when the protons are very energetics [168]. For exdmphen the protons interact
with the  the minimum proton energy required i€, 120 TeV for a bulk Lorentz factor
of 400[168] .

High energy photons can also be produced vid decay: °! . As before also this
radiation component is in the GeV-TeV range because in the seframe of the out ow
the threshold energy for the production of a ° is 140 MeV. Moreover because the pion
carries the 20% of the proton energy, the-ray resulting in the observer rest frame has a
minimum energy of 30 GeV[168].
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Figure 2.17: Broad-band spectrum of the GRB prompt emissiowithin the internal
shock model (from [168]). (a) A long GRB with the observed subleV luminosity of

10°! erg s 1, is modeled for parameters as given in the gure. The solid &tk lines
represent the nal spectrum before (thin line) and after (thck line) including the e ect
of internal optical depths. The long dashed green line (mdgthidden) is the electron
synchrotron component; the short-dashed blue line is theegtron IC component; the
double short-dashed black curve on the right side is the® decay component; the triple
short-dashed dashed line represents the synchrotron raticamn produced by e from
decays; the dash-dotted (light blue) line represents the pton synchrotron component.
(b) The analogous spectrum of a bright short GRB with 1% erg isotropic-equivalent
energy release.
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Chapter 3

The AGILE scienti ¢ instruments

AGILE is an ltalian Space Agency mission dedicated to the obsvation of the gamma-
ray Universe. The AGILE very innovative instrumentation conbines for the rst time a
gamma-ray imager (sensitive in the energy range 30 MeV - 50 Bea hard X-ray imager
(sensitive in the range 18-60 keV) together with a Calorimet (sensitive in the range 300
keV - 100 MeV) and an anticoincidence system. AGILE was suastully launched on April
23, 2007 from the Indian base of Sriharikota and was inserté&d an equatorial orbit with
very low particle background. The satellite commissioninghase was carried out during
the period May-June, 2007. The scienti ¢ Veri cation phaseand the in-orbit calibration
(based on long pointings at the Vela and Crab pulsars) werercged out during the period
July-November 2007. The nominal scienti c observation plrse (AGILE Cycle-1, AO-1)
started on December 1, 2007.

The Gamma-Ray Imaging Detector (GRID) is sensitive in the egrgy range 30 MeV{
50 GeV, and consists of a Silicon-Tungsten Tracker, a Cesidadide Calorimeter, and an
Anticoincidence system.

The GRID trigger logic and data acquisition system (based ofnticoincidence, Tracker
and Mini-Calorimeter information) allows for an e cient background discrimination and
inclined photon acceptance [169, 170]. The GRID is designedachieve an optimal angu-
lar resolution (source location accuracy 12°for intense sources), a very large eld-of-view
(25 sr), and a sensitivity comparable to that of EGRET for soures within 10-20 degree
from the main axis direction (and substantially better for arger o -axis angles).

The hard X-ray Imager (Super-AGILE) is a unique feature of te AGILE instrument
(for a complete description, see [171]). The imager is placen top of the gamma-ray
detector and is sensitive in the 18-60 keV band.

A Mini-Calorimeter operating in the "burst mode" is the third AGILE detector. It
is part of the GRID, but also also capable of independently ¢iecting GRBs and other
transients in the 350 keV - 50 MeV energy range with excelletitming capabilities.

3.1 The Anticoincidence System
The Anticoincidence (AC) System is aimed at a very e cient ctarged particle background

rejection [172]; it also allows a preliminary direction reanstruction for triggered photon
events through the Data Handling logic. The AC system complely surrounds all AGILE
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The AGILE Scienti ¢ Performance

Gamma-ray Imaging Detector (GRID)

Energy range

30 MeV { 50 GeV

Field of view 2.5 sr
Flux sensitivity (E > 100 MeV, 5 in 10° s) 3 10 “(phcm 2s 1)
Angular resolution at 100 MeV (68% cont. radius) 3.5 degrees
Angular resolution at 400 MeV (68% cont. radius) 1.2 degrees
Source location accuracy (high Gal. lat., 90% C.L.)) 15 arcmin
Energy resolution (at 400 MeV) EIE 1
Absolute time resolution 2's
Deadtime 100 200 s
Hard X{ray Imaging Detector (Super-AGILE)

Energy range 18 { 60 keV
Single (1-dim.) detector FOV (FW at zero sens.) 107 68
Combined (2-dim.) detector FOV (FW at zero sens.) 68 68
Sensitivity (18-60 keV, 5 in 1 day) 15 mCrab
Angular resolution (pixel size) 6 arcmin
Source location accuracy (S/N 10) 1-2 arcmin
Energy resolution (FWHM) E 8 keV
Absolute time resolution 2's
Mini-Calorimeter

Energy range 0.35 { 50 MeV
Energy resolution (at 1.3 MeV ) 13% FWHM
Absolute time resolution 3 s
Deadtime (for each of the 30 Csl bars) 20 s




3.2 The Silicon-Tracker

detectors (Super-AGILE, Si-Tracker and MCAL). Each lateraface is segmented in three
plastic scintillator layers (0:6 cm thick) connected to photomultipliers placed at the botbm
of the panels. A single plastic scintillator layer (0.5 cm titk) constitutes the top-AC whose
signal is read by four light photomultipliers placed at the dur corners of the structure
frame. The segmentation of the AC System and the ST trigger d¢ic contribute in an
essential way to produce the very large eld of view of the AGIE-GRID.

3.2 The Silicon-Tracker

The Silicon Tracker (ST) is the AGILE gamma-ray imager base@n photon conversion
into electron-positron pairs [173, 174]. It consists of a tal of 12 trays with a repetition
pattern of 1.9 cm (Fig. 3.1). The rst 10 trays are capable of @nverting gamma-rays by
a Tungsten layer. Tracking of charged particles is ensured Isilicon microstrip detectors
that are con gured to provide the two orthogonal coordinate for each element (point)
along the track. The individual Silicon detector element isa tile of area 95 9:5 cn?,
microstrip pitch of 121 m, and 410 m thickness. Four Silicon tiles are bonded together
to provide a ladder. Four ladders constitute a ST plane. The GILE ST readout system
is capable of detecting and storing the energy deposited ihd Silicon microstrips by the
penetrating particles. The readout signal is processed fbialf of the microstrips by an
alternating readout system characterized by "readout” and oating" strips. The analog
signal produced in the readout strips is read and stored fourther processing. Each
Silicon ladder has a total of 384 readout channels (242n readout pitch) and 3 TAA1
chips are required to process independently the analog s&rfrom the readout strips.
Each Si-Tracker layer is then made of 4 4 Si-tiles, for a total geometric area of 38 38
cm?. The rst 10 trays are equipped with a Tungsten layer of 245 m (0:07 X ;) positioned
in the bottom part of the tray. The two orthogonal coordinates of particle hits in the
ST are provided by two layers of Silicon detectors properlyon gured for each tray that
therefore has 2 1;536 readout microstrips. Since the ST trigger requires a sigl from at
least three (contiguous) planes, two more trays are insedet the bottom of the Tracker
without the Tungsten layers. The total readout channel numbr for the GRID Tracker
is then 3§864. The 1.9 cm distance between mid-planes has been optiedzthrough
extensive Montecarlo simulations. The ST has aon-axis total radiation length near
0:8 X . Special trigger logic algorithms implemented on-board @vel-1 and Level-2) lead
to a substantial particle/albedo-photon background subtaction and a preliminary on-
board reconstruction of the photon incidence angle. Both gital and analog information
are crucial for this task. Fig. 3.2 shows a typical read-outan guration of a gamma-ray
event detected by the AGILE Silicon Tracker. The positionakesolution obtained by the
ST is excellent, being below 40 m for a wide range of particle incidence angles [175].

3.3 Super-AGILE
Super-AGILE (SA), the ultra-compact and light hard-X-ray imager of AGILE [171] is

a coded-mask system made of a Silicon detector plane and antAiungsten mask posi-
tioned 14 cm above it (Fig. 3.3). The detector plane is orgared in four independent
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Figure 3.1: The assembled AGILE Silicon Tracker developed the Trieste INFN labora-
tories before being integrated with the rest of the instruma (June 2005).

square Silicon detectors (19 19 cn? each) plus dedicated front-end electronics based on
the XAA1.2 chips suitable to the SA energy range [176]. The tal number of SA read-
out channels is 6,144. The detection capability of SA inclas$: (1) photon-by-photon
transmission and imaging of sources in the energy range 184&V, with a large eld-of-
view (FOV 1 sr); (2) an angular resolution of 6 arcmin; (3) a good sensiity (15
mCrab between 18-60 keV for 50 ks integration, and 1 Crab for a few seconds integra-
tion). SA is aimed at the hard X-ray detection simultaneougl with gamma-ray detection
of high-energy sources with excellent timing capabilitieéa few microseconds). The SA
acquisition logic produces on-board essential GRB quangs such as time, coordinates
and preliminary ux estimates. The AGILE satellite is equipped with an ORBCOMM
transponder capable of transmitting the GRB on-board proased physical quantities to

the ground within 10-30 min.

3.4 The Mini-Calorimeter
The Mini-Calorimeter (MCAL) is made of 30 Cesium lodide (CqITl)) bars arranged

in two planes, for a total (on-axis) radiation length of 15 X, (see Fig. 3.4). A detailed
description of the MCAL detector can be found in [177, 178]. e signal from each Csl bar
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Figure 3.2: Detection of a typical gamma-ray event by the AQGIE Tracker in the Thales-
Alenia Space laboratory in Milan during integration tests July 2005). The electron-
positron hits in the Silicon microstrips produce typical "tusters” of read-out strips whose
analogue signals produce a sequence of deposited energgtigrams"”. This cluster po-
sitioning capability is a unique feature of the AGILE gammaray imager.

is collected by two photodiodes placed at both ends. The MCA&ims are: (i) obtaining
information on the energy deposited in the Csl bars by parties produced in the Silicon
Tracker (and therefore contributing to the determination d the total photon energy); (ii)
detecting GRBs and other impulsive events with spectral anihtensity information in the
energy band 0:35 100 MeV. An independent burst search algorithm is implemeat on
board with a wide range of trigger timescales for an MCAL ingeendent GRB detection.
Following a GRB trigger, MCAL is indeed able to store photorby-photon information for
a duration dynamically determined by the on-board logic. T MCAL segmentation and
the photon-particle hit positioning along the bars allow toobtain the general con guration
of "hits" across the calorimeter volume.
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Figure 3.3: The Super-AGILE detector in the INAF-IASF laboatory during metrology
measurements (March 2005).

Figure 3.4: The MCAL detector consisting of two planes of Cdlars enclosed in Carbon
ber supporting structure is shown during the integration process with the signal readout
diodes and FFE in the Thales-Alenia Space laboratories in Mn (February, 2005).

3.5 The event reconstruction and classi cation

The AGILE Standard Analysis Pipeline. A rst step aligns all data times to Terrestrial
Time (TT) and performs preliminary calculations. In a secod step, an ad-hoc implemen-
tation of the Kalman Filter technique is used for track ident cation and event direction
reconstruction in detector coordinates. Subsequently, auglity ag is assigned to each
GRID event: (G), (P), (S), and (L), depending on whether it isrecognized as a -ray
event, a charged particle event, a single-track event, oriis nature is uncertain, respec-
tively. Then, an AGILE log- le is created, containing all the information relevant to the
computation of the exposure and live-time. A third step cres the AGILE event les,
excluding events agged as particles. This step also recongts the event direction in
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Figure 3.5: The rst gamma-ray event detected by AGILE in spae (May 10, 2007).

sky coordinates. An example of the reconstruction algorith is shown in g.3.5

Once the above steps are completed, the AGILE Scienti c Angsis Package can be
run. Counts, exposure, and Galactic background-ray maps are created with a bin-size
of &5 0:5,forE 100MeV.

3.6 The AGILE instrument calibration

The AGILE scienti ¢ instrument was fully calibrated on the ground during a set of cali-
bration campaigns dedicated to the three instrument deteots.

3.6.1 The gamma-ray imager calibration

The AGILE-GRID calibration was carried out at the INFN National Laboratories in
Frascati during the period November 1-25, 2005.

A beam of gamma-ray photons in the energy range 20-700 MeV wasoduced by
Bremsstrahlung of electrons and tagged by a dedicated sqt-in the Beam Test Facility
of the INFN Laboratori Nazionali di Frascati based on the mesurement with silicon strip
detectors of the electron trajectory in a magnetic eld. A taal of 100,000 tagged events
was accumulated for several incidence directions and inginent con gurations. Both
the GRID spectral and PSF response were carefully studied dawompared with results
of extensive simulations. Furthermore, the leptonic backgund was studied by using
the direct electron and positron beams interacting with theAGILE GRID for di erent
geometries. A sequence of runs was obtained for both direatidence on the instrument
as well as for events originating by interactions with the spcecraft.
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3.6.2 The hard X-ray imager calibration

The Super-AGILE imager was calibrated at di erent stages dung the instrument in-
tegration and testing. It was rst calibrated at the detection plane and stand-alone
detector level in the clean room of INAF-IASF Rome on April ad August 2005, respec-
tively. The SA e ective area and intrinsic imaging propertes were investigated by means
of a highly collimated X-ray tube and point-like radioactive sources (see [179], [180] for
details). A dedicated procedure was developed [181] to cect the SA images for the
beam divergence in order to derive imaging calibration prapties from measurements
with radioactive sources at nite distance (about 200 cm frm the experiment).

Once integrated with the instrument and satellite, the SA inager was then fully cal-
ibrated during in January, 2007 at the CGS facility in Tortora. A sequence of measure-
ments were carried out with radioactive sources positioneat di erent angles with respect
to the instrument axis. The imaging response was studied adanction of the source po-
sition in the eld of view (in more than 40 positions), and engyy (at 22, 30 and 60 keV).
The calibration campaign envisaged a total of more than 110easurements and 340 ks
livetime, with more than 10’ source photons collected. The data analysis allowed us to
calibrate the imaging and spectral response of SA. Fig. 3.6avs a sample of the results
achieved during the nal ground calibrations, con rming the expected 6 arcmin (FWHM)
point spread function (PSF) and the 1-2 arcmin point source location accuracy (see
[182] and [183] for more details). SA on-board imaging wassaltested in Tortona. A
sequence of GRB simulating tests were carried out to checketlon-board trigger logic and
parameter setting.

3.6.3 The Calorimeter calibration

Several calibration sessions of MCAL were carried out aftés integration [178]. A rst
stand-alone calibration session was performed at instrumtdevel, prior to integration into
the AGILE payload, using a collimated?’Na radioactive source. By these measurements
the bars physical parameters such as the light output and th&ght attenuation coe -
cients were obtained. After the instrument integration, MGAL was tested at the DA NE
accelerator Beam Test Facility in Frascati during the GRID alibration session. MCAL
was then calibrated after satellite integration at the CGS dcility in Tortona, exposing
the instrument to an uncollimated ??Na radioactive source placed at di erent positions
with respect to the satellite axis in order to evaluate the M@L e ciency and the overall
contribution of the spacecraft volumes to the detector regmse.

The MCAL response to impulsive events and GRBs was studied gproducing the
conditions for GRB events of durations between 30 ms and 2 s byeans of a dedicated
setup mainly based on moving a radioactive source behind allsuator; the speed of the
source determining the duration and rise time of the Burst B4]. With this setup all time
windows of the burst search logic above 16 ms have been stiateld and tested.

3.6.4 The Anticoincidence system calibration

An excellent anticoincidence system is required for an e eint background rejection of
the AGILE instrument. The AC ight units (scintillator pane Is and photo-multiplier
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oo
T

Figure 3.6: Calibration data of the Super-AGILE imaging detctor obtained with a 22
keV radioactive source placed at a 200 cm distance, after oecting for beam divergence
e ects.

assemblies) have been extensively calibrated at a dedichteun at the CERN PS T9
beam line facility during the month of August 2004 (see [172)r a detailed presentation).
The particle detection ine ciency of the top-panel and lateal-panels plus their analog
FEE was measured to be better than 6 10 ® and 4 10 5, respectively. Adding the
e ect of the FEE discrimination system somewhat increasesé ine ciencies. The nal

result is that the AGILE AC ine ciencies are measured to be béw the required value
of 10 # for all panels.

3.7 Early operations in orbit

After the nominal launch and the correct satellite attitude stabilization within approxi-
mately 2 days, the operations focused on two di erent tasks{1l) the commissioning of
both the satellite platform and instrument; (2) in-orbit scenti ¢ calibration of the instru-
ment. We brie y describe here these two main activities, pagoning a detailed description
to forthcoming publications.
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Figure 3.7: AGILE AC count rate throughout the whole orbit fa one of the 12 lateral
Anticoincidence panels. The count rate peak occurs in coidence with the passage over
the South Atlantic Anomaly.

3.7.1 The satellite in-orbit Commissioning and instrument check-
out phase

The satellite platform was tested and functionally veriedin all its main capabilities
during the last days of April 2007. The checkout sequence @&dts ended with the satellite
ne pointing attitude nalization that implies the nominal 1 degree pointing accuracy
and the 0.1 degree/s stabilization. Attitude reconstructn, both on-board and on the
ground, was tested to be initially within a few arcminute aceracy. A sequence of early
pointings was carried out, typically lasting for a few days.

The instrument subsystem switch on started in early May andq@ceeded with nominal
behavior of all detectors. A rst check of the instrument hogekeeping telemetry indi-
cated a nominal particle background rate as predicted by esisive simulations [185, 186].
Fig. 3.7 shows a typical background count rate on a lateral A@anel throughout the
equatorial orbit.

The GRID acquisition rate after a complete on-board processy and Earth gamma-
ray albedo rejection turned out to be stable throughout the it with a modulation
induced by the Earth sweeping the GRID FOV (within 1-7 Hz). The GRID subsystem
was extensively tested rst, and the baseline trigger logiphoton acquisition started on
May 10th.

The overall particle background turned out to be within the &pected rate, both at
the level of the Anticoincidence rate, and especially at theo called Level-1 and Level-2
event processing [187].

The Super-AGILE detector was tested immediately afterwarslwith a dedicated point-
ing of an extragalactic eld. A detailed scan and test of thendividual SA strip thresholds
was carried out with an optimized parameter stabilization ppcedure [188]. Hard X-ray
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Figure 3.8: Super-AGILE deconvolved sky image (one detectanit) of the Galactic plane
obtained on June 2, 2008 (total e ective exposure of 45 ks).e®eral hard X-ray sources
are detected as marked in the gure.
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Figure 3.9: The lightcurve (128 ms time bin) of GRB 080319C @yani et al., 2008;
Marisaldi et al., 2008) detected by the AGILE Mini-Calorimeer in the energy band 0.3-5
MeV.

data were obtained with a nominal performance and very lowagkground. These opera-
tions ended successfully in mid-July, 2007 [189]. Fig. 3.Basvs an example of a typical
1-day pointing in the Galactic plane with the detection of Cg X-1, Cyg X-2, Cyg X-3,
and GRS 1915+105.

The MCAL detector optimization and con guration checkout was performed in parallel
with other instrument testing. A satisfactory detector conguration was obtained at the
end of June, 2007 [190]. Fig. 3.9 shows an example of a typiGIRB detected by the
MCAL in the energy range 0.3-5 MeV.

3.7.2 In-orbit tracker calibration

Preliminary gamma-ray data obtained for the Vela pulsar in &ly June, 2007 con rmed
immediately the good quality of the GRID background rejectin and its imaging capa-
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bility. The scienti ¢ operations started in early July, 2007 with a 2-month observation
of the Vela pulsar region. At the end of August, 2007, AGILE deoted about 1 week
to a pointing of the Galactic Center region. Finally, AGILE arried out the gamma-ray
and hard X-ray calibration with the Crab pulsar during the manths of September and
October, 2007. Fig. 3.10 shows a 1-day integration of the gama-ray sky of the Galactic
anticenter region(containing the Crab, Geminga as well ah¢ Vela gamma-ray pulsars).
This eld was repeatedly observed with 1-day pointings withthe Crab pulsar position at
di erent angles with respect to the Instrument axis. The inerbit calibration phase was
successfully completed at the end of October, 2007 achiayia good performance for both
the gamma-ray and hard X-ray imagers.

)

Figure 3.10: AGILE 1-day gamma-ray counts map for photons alwe 100 MeV obtained
on September 28, 2007. The large- eld of view sky counts mapasvs in the same picture
all three most important gamma-ray pulsars: Vela, Crab and @minga.
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Chapter 4

The Fermi LAT Instruments

Many high-energy sources revealed by EGRET (one of the ingtnent [1]) on theCompton

Gamma-Ray Observatory CGRGChave not yet been identied. The AGILE experiment

launched on 2007, April 23 and the Large Area Telescope (LABN the Fermi Gamma-ray

Space TelescopéFermi), formerly the Gamma-ray Large Area Space Telescope (GLAST)
launched by NASA on 2008, June 11 on a Delta Il Heavy launch viete, o er enormous

opportunities for determining the nature of these sourcesnd advancing knowledge in
astronomy, astrophysics, and particle physics.

¥ | incoming gamma ray

electron-positron pair

Figure 4.1: Schematic diagram of the Large Area Telescopehd telescope's dimensions
are I8 m 1.8 m 0:72 m. The power required and the mass are 650 W and 2,789 kg,
respectively.

To make signi cant progress in understanding the high-engy sky, the LAT, shown in
Figure 4.1, has good angular resolution for source localia and multi-wavelength stud-
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Parameter Value or Range
Energy range 20 MeV { 300 GeV
E ective area at normal incidencé 9,500 cnd
Energy resolution (equivalent Gaussian 1):

100 MeV { 1 GeV (on axis) 99%{15%

1 GeV { 10 GeV (on axis) 8%{9%

10 GeV { 300 GeV (on-axis) 8.5%{18%

>10 GeV (>60 incidence) 6%

Single photon angular resolution (space angle)
on-axis, 68% containment radius:

>10 GeV 0:15

1 GeV 0:6

100 MeV 35

on-axis, 95% containment radius <3 6%

0 -axis containment radius at 55 < 1.7 on-axis value
Field of View (FoV) 2.4 sr
Timing accuracy < 10 sec
Event readout time (dead time) 26,5 sec

< 10
GRB location accuracy on-board
GRB noti cation time to spacecraft® <5 sec
Point source location determinatiof < 0.5
Point source sensitivity 100 MeVYy 3 10°phcm?2st?

Table 4.1: Summary of Large Area Telescope Instrument paraters and estimated per-
formance

ies, high sensitivity over a broad eld-of-view to monitor ariability and detect transients,
good calorimetry over an extended energy band to study spe&tbreaks and cut-o s, and
good calibration and stability for absolute, long term ux measurement. The LAT mea-
sures the tracks of the electrond ) and positron (e") that result when an incident -ray
undergoes pair-conversion, preferentially in a thin, higd foil, and measures the energy
of the subsequent electromagnetic shower that develops ihet telescope's calorimeter.
Table 4.1 summarizes the scienti ¢ performance capabilés of the LAT.

Figure 4.2 illustrates the sensitivity and eld-of-view (FoV) achieved with the LAT

IMaximum (as function of energy) e ective area at normal incidence. Includes ine ciencies necessary
to achieve required background rejection. E ective area peak is typically in the 1 to 10 GeV range.

2For burst (<20 sec duration) with >100 photons above 1 GeV. This corresponds to a burst of 5
cm 2 s ! peak rate in the 50{300 keV band assuming a spectrum of brokepower law at 200 keV from
photon index of {0.9 to {2.0. Such bursts are estimated to ocar in the LAT FoV 10 times per year.

3Time relative to detection of GRB.

“High latitude source of 10 " cm ? s ! ux at >100 MeV with a photon spectral index of {2.0 above
a at background and assuming no spectral cut-o at high energy; 1 radius; 1-year survey.

SFor a steady source after 1 year sky survey, assuming a higlaitude diuse uxof 1 :5 10 ®cm 2
s 1 sr 1 (>100 MeV) and a photon spectral index of {2.1, with no spectralcut-o .
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Figure 4.2: LAT source sensitivity for exposures on variousmescales. Each map is an
Aito projection in galactic coordinates. In standard skysurvey mode, nearly uniform
exposure is achieved every 2 orbits, with every region viesvéor 30 min every 3 hours.
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for exposures on various timescales. To take full advantagé the LAT's large FoV, the
primary observing mode ofermi is the so-called \scanning" mode in which the normal to
the front of the instrument (z axis) on alternate orbits is pointed to +55 from the zenith
direction and towards the pole of the orbit and to 55 from the zenith on the subsequent
orbit. In this way, after 2 orbits, about 3 hours forFermi's orbit at 565 km and 255
inclination, the sky exposure is almost uniform. For partiglarly interesting targets of
opportunity, the observatory can be inertially pointed. De¢ails of the LAT design and
performance are presented in4.1.

4.1 Large Area Telescope

The LAT is designed to measure the directions, energies, aadrival times of -rays in-
cident over a wide FoV, while rejecting background from cosamrays. First, the design
approach [191] that resulted in the instrument described idetail in 4.1.1 made exten-
sive use of detailed simulations of the detector response s@nal (celestial -rays) and
backgrounds (cosmic rays, albedo-rays, etc.). Second, detector technologies were chosen
that have an extensive history of application in space sciea and high-energy physics with
demonstrated high reliability. Third, relevant test modebk were built to demonstrate that
critical requirements, such as power, e ciency, and detecr noise occupancy, could be
readily met. Fourth, these detector-system models, incluag all subsystems, were studied
in accelerator test beams to validate both the design and thdonte Carlo programs used
in the simulations [192].
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4.1.1 Technical description

High-energy -rays cannot be re ected or refracted; they interact by the enversion of
the -ray into an €"e pair. The LAT is therefore a pair-conversion telescope witka
precision converter-tracker and calorimeter, each consigy of a 4 4 array of 16 modules
supported by a low-mass aluminum grid structure. A segmerdeanticoincidence detector
(ACD) covers the tracker array, and a programmable triggerad data acquisition system
(DAQ) utilizes prompt signals available from the tracker, alorimeter, and anticoincidence
detector subsystems to form a trigger. The self-triggeringapability of the LAT tracker
in particular is an important new feature of the LAT design that is possible because
of the choice of silicon-strip detectors, which do not regug an external trigger, for the
active elements. In addition, all of the LAT instrument subgstems utilize technologies
that do not use consumables such as gas. Upon triggering, tBAQ initiates the read
out of these 3 subsystems and utilizes on-board event prosieg to reduce the rate of
events transmitted to the ground to a rate compatible with tle 1 Mbps average downlink
available to the LAT. The on-board processing is optimizedf rejecting events triggered
by cosmic-ray background particles while maximizing the maber of events triggered by

-rays, which are transmitted to the ground. Heat produced byhe tracker, calorimeter,
and DAQ electronics is transferred to radiators through heapipes in the grid.

The overall aspect ratio of the LAT tracker (height/width) is 0.4, allowing a large

FoV® and ensuring that nearly all pair-conversion events initi@d in the tracker will pass
into the calorimeter for energy measurement.

Precision converter-tracker

The converter-tracker has 16 planes of higB- material in which -rays incident on the
LAT can convert to an €' e pair. The converter planes are interleaved with position-
sensitive detectors that record the passage of charged peles, thus measuring the tracks
of the particles resulting from pair conversion. This infanation is used to reconstruct
the directions of the incident -rays. Each tracker module has 1&;y tracking planes,
consisting of 2 layersX andy) of single-sided silicon strip detectors. The 16 planes até¢
top of the tracker are interleaved with highZ converter material (tungsten). Figure 4.3
shows the completed 16 module tracker array before integiam with the ACD. See [193]
for a more complete discussion of the tracker design and pmrhance. We summarize
here the features most relevant to the instrument science germance.

The single-sided SSDs are AC-coupled, with 384 56A wide aluminum readout strips
spaced at 228 m pitch’. They were produced om-intrinsic 15-cm wafers by Hamamatsu
Photonics, and each has an area of 8.98.95 cn?, with an inactive area 1 mm wide around
the edges, and a thickness of 400n. Sets of 4 SSDs were bonded edge to edge with epoxy
and then wire bonded strip to strip to form \ladders," such that each ampli er channel
sees signals from a 35 cm long strip. Each detector layer in @¢ker module consists of
4 such ladders spaced apart by 0.2 mm gaps. The delivered SSialqy was very high,
with a bad channel rate less than 0.01% and an average totablkage current of 110 nA.

R
SFoV = Ac (; )d =Ac (0;0)=2:4 srat1 GeV, whereA, is the e ective area of the LAT after
all analysis cuts for background rejections have been made.
pitch = distance between centers of adjacent strips.
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Figure 4.3: Completed tracker array before integration wit the ACD.

The wafer dicing was accurate to better than 20 m, to allow all of the assembly to be
done rapidly with mechanical jigs rather than with optical eferences.

The support structure for the detectors and converter foil fanes is a stack of 19
composite panels, or \trays," supported by carbon-compdsi sidewalls that also serve to
conduct heat to the base of the tracker array. The tray struaire is a low-mass, carbon-
composite assembly made of a carbon-carbon closeout, carfmomposite face sheets, and
a vented aluminum honeycomb core. Carbon was chosen for gy radiation length, high
modulus (sti ness) to density ratio, good thermal conductvity, and thermal stability.

The tray-panel structure is about 3 cm thick and is instrumeted with converter foils,
detectors, and front-end electronics. All trays are of sirdr construction, but the top and
bottom trays have detectors on only a single face. Figure 4shows a ight tracker tray
and Figure 4.5 shows a completed tracker module with one swEl removed.

Figure 4.4: A ight tracker tray.
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The strips on the top and bottom of a given tray are parallel, Wwile alternate trays
are rotated 90 with respect to each other. Anx;y measurement plane consists of a layer
of detectors on the bottom of one tray together with an orthognal detector layer on
the top of the tray just below, with only a 2 mm separation. Thetungsten converter
foils in the rst 16 planes lie immediately above the upper dector layer in each plane.
The lowest two x;y planes have no tungsten converter material. The tracker miegnical
design emphasizes minimization of dead area within its agere. To that end, the readout
electronics are mounted on the sides of the trays and intedad to the detectors around
the 90 corner. One fourth of the readout electronics boards in a gjte tracker module can
be seen in Figure 4.5. The interface to the data acquisitiomd power supplies is made
entirely through at cables constructed as long 4-layer eible circuits, two of which are
visible in Figure 4.5. As a result, the dead space between thetive area of one tracker
module and that of its neighbor is only 18 mm.

Figure 4.5: A completed tracker module with one sidewall reowed.

Incident photons preferentially convert in one of the tungen foils, and the resultinge
and e particles are tracked by the SSDs through successive plan@$ie pair conversion
signature is also used to help reject the much larger backgmd of charged cosmic rays.
The high intrinsic e ciency and reliability of this technol ogy enables straightforward event
reconstruction and determination of the direction of the isident photon.

62



4.1 Large Area Telescope

The probability distribution for the reconstructed direction of incident -rays from a
point source is referred to as the Point Spread Function (PSFMultiple scattering of
the € and e and bremsstrahlung production limit the obtainable resoltion. To get
optimal results requires that thee ande" directions be measured immediately following

the conversion.
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Figure 4.6: lllustration of tracker design principles. Therst two points dominate the
measurement of the photon direction, especially at low erggr. (Note that in this pro-
jection only the x hits can be displayed.) (a) Ideal conversion in W: Si deteate are
located as close as possible to the W foils, to minimize thesés arm for multiple scatter-
ing. Therefore, scattering in the 2nd W layer has very littlempact on the measurement.
(b) Fine detector segmentation can separately detect the twparticles in many cases,
enhancing both the PSF and the background rejection. (c) Cearter foils cover only the
active area of the Si, to minimize conversions for which a &le-by measurement is not
possible. (d) A missed hit in the 1st or 2nd layer can degradéé¢ PSF by up to a factor
of two, so it is important to have such ine ciencies well locéized and identi able, rather
than spread across the active area. (e) A conversion in thergttural material or Si can
give long lever arms for multiple scattering, so such matei is minimized. Good 2-hit

resolution can help identify such conversions.

One of the most complex LAT design trades was the balance be®n the need for thin
converters, to achieve a good PSF at low energy, where the P&Fdetermined primarily
by the 1=E dependence of multiple scattering, versus the need for cemnter material
to maximize the e ective area, important at high energy. Theresolution was to divide
the tracker into 2 regions, \front" and \back." The front region (rst 12 x;y tracking
planes) has thin converters, each 0.03 radiation lengthsitk, to optimize the PSF at low
energy, while the converters in the back (%;y planes after the front tracker section) are

6 times thicker, to maximize the e ective area at the expensef less than a factor of
two in angular resolution (at 1 GeV) for photons convertingn that region. Instrument
simulations show that the sensitivity of the LAT to point-saurces is approximately bal-
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anced between the front and back tracker sections, althoughis depends on the source
spectral characteristics.

The tracker detector performance was achieved with readowlectronics designed
speci cally to meet the LAT requirements and implemented wh standard commercial
technology [194]. The system is based on two Application Spe& Integrated Circuits
(ASICs). The rst ASIC is a 64-channel mixed-mode ampli erdiscriminator chip and
the second ASIC is a digital readout controller. Each ampler-discriminator chip is pro-
grammed with a single threshold level, and only a 0 or 1 (i.eq \hit") is stored for each
channel when a trigger is generated. Each channel can bu epuo 4 events, and the
system is able to trigger even during readout of the digital ata from previous events.
Thus the system achieves high throughput and very low deadtie, and the output data
stream is compact and contains just the information needeaif e ective tracking, with
<10 © noise occupancy, and with very little calibration required The system also mea-
sures and records the time-over-threshold (TOT) of each lays trigger output signal,
which provides charge-deposition information that is usef for background rejection. In
particular, isolated tracks that start from showers in the alorimeter sometimes range out
in the tracker, mimicking a -ray conversion. The TOT information is e ective for detect
ing and rejecting such background events because at the teémation of such tracks the
charge deposition is very large, often resulting in a largedT in the last SSD traversed.

The tracker provides the principal trigger for the LAT. Each detector layer in each
module outputs a logical OR of all of its 1536 channels, and ast-level trigger is derived
from coincidence of successive layers (typically X8y planes). There is no detectable
coherent noise in the system, such that the coincidence rateom electronics noise is
immeasurably small, while the trigger e ciency for chargedparticles approaches 100%
when all layers are considered.

High reliability was a core requirement in the tracker desiy The 16 modules oper-
ate independently, providing much redundancy. Similarlythe multi-layer design of each
module provides redundancy. The readout system is also dgsd to minimize or elimi-
nate the impact of single-point failures. Each tracker layehas two separate readout and
control paths, and the 24 ampli er-discriminator chips in @ch layer can be partitioned
between the two paths by remote command. Therefore, failugd a single chip or readout
cable would result in the loss of at most only 64 channels.

Calorimeter

The primary purposes of the calorimeter are twofold: (i) to raasure the energy deposition
due to the electromagnetic particle shower that results fra the e" e pair produced by
the incident photon; and (ii) image the shower developmentrp le, thereby providing
an important background discriminator and an estimator of he shower energy leakage
uctuations. Each calorimeter module has 96 CsI(TI) crystés, with each crystal of size
27 cm 20 cm 326 cm. The crystals are optically isolated from each other and
are arranged horizontally in 8 layers of 12 crystals each. €hotal vertical depth of the
calorimeter is 8.6 radiation lengths (for a total instrumendepth of 10.1 radiation lengths).
Each calorimeter module layer is aligned 9Qwith respect to its neighbors, forming arx;y
(hodoscopic) array [195]. Figure 4.7 shows schematicallyetcon guration of a calorimeter
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module.

CDE: Csl Detectors +PIN diodes (both ends) Carbon Cell Array Al Cell Closeout

Readout Electronics

Al EMI Shield

Figure 4.7: LAT calorimeter module. The 96 CsI(Tl) scintilator crystal detector elements
are arranged in 8 layers, with the orientation of the crystal in adjacent layers rotated by
90 . The total calorimeter depth (at normal incidence) is 8.6 rdiation lengths.

The size of the Csl crystals is a compromise between electiochannel count and
desired segmentation within the calorimeter. The lateral ichensions of the crystals are
comparable to the Csl radiation length (1.86 cm) and Molee radius (3.8 cm) for electro-
magnetic showers. Each Csl crystal provides 3 spatial coamndtes for the energy deposited
within: two discrete coordinates from the physical locatio of the crystal in the array and
the third, more precise, coordinate determined by measugnthe light yield asymmetry
at the ends of the crystal along its long dimension. This leVef segmentation is su cient
to allow spatial imaging of the shower and accurate reconsiction of its direction. The
calorimeter's shower imaging capability and depth enablehe high-energy reach of the
LAT and contribute signi cantly to background rejection. In particular, the energy reso-
lution at high energies is achieved through the applicatioof shower leakage corrections.

Each crystal element is read out by PIN photodiodes, mountedn both ends of the
crystal, which measure the scintillation light that is transmitted to each end. The di er-
ence in light levels provides a determination of the positioof the energy deposition along
the Csl crystal. There are two photodiodes at each end of theystal, a large photodiode
with area 147 mnt and a small photodiode with area 25 m#f) providing two readout
channels to cover the large dynamic range of energy depasitiin the crystal.

The position resolution achieved by the ratio of light seent&ach end of a crystal scales
with the deposited energy and ranges from a few millimetersrflow energy depositions
( 10 MeV) to a fraction of a millimeter for large energy deposins (>1 GeV). Simple
analytic forms are used to convert the light asymmetry into gosition (see Figure 4.8).

Although the calorimeter is only 8.6 radiation lengths deepthe longitudinal segmen-
tation enables energy measurements up to a TeV. From the lahgdinal shower pro le,
an unbiased estimate of the initial electron energy is demd by tting the measurements
to an analytical description of the energy-dependent mearmngitudinal pro le. Except
at the low end of the energy range, the resulting energy reatibn is limited by uctu-
ations in the shower leakage. The e ectiveness of this praige was evaluated in beam
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tests with the ight-like calibration unit at CERN (see 4.3) [196]. Figure 4.9 shows the
measured energy loss and the leakage-corrected energy llogke calorimeter for electron
beams of various energies. Further details of the calorinestare in [197], [198], and [199].
Details of the energy reconstruction are discussed id.2.2.
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Figure 4.8: Light asymmetry measured in a typical calorimetr crystal using sea level
muons. The light asymmetry is de ned as the logarithm of theatio of the outputs of the
diodes at opposite ends of the crystal. The width of the digtsution scales with energy
deposition asE .

Anticoincidence detector

The purpose of the ACD is to provide charged-particle backgund rejection; therefore its
main requirement is to have high detection e ciency for chaged particles. The ACD is
required to provide at least 0.9997 e ciency (averaged ovehe ACD area) for detection
of singly charged particles entering the eld-of-view of ta LAT.

The LAT is designed to measure -rays with energies up to at least 300 GeV. The
requirement to measure photon energies at this limit leadtthe presence of a heavy
calorimeter ( 1800 kg) to absorb enough of the photon-induced shower enetg make
this measurement. The calorimeter mass itself, however gates a problem called the back-
splash e ect: isotropically distributed secondary partites (mostly 100{1000 keV photons)
from the electromagnetic shower created by the incident Higenergy photon can Comp-
ton scatter in the ACD and thereby create false veto signalsdm the recoil electrons.
This e ect was present in EGRET, where the instrument detedbn e ciency above 10
GeV was a factor of at least two or more lower than at 1 GeV due tfalse vetoes caused
by backsplash. A design requirement was established thattees created by backsplash
(self-veto) would reject not more than 20% of otherwise agued photons at 300 GeV.
To suppress the backsplash e ect, the ACD is segmented so thanly the ACD segment
nearby the incident candidate photon may be considered, theby dramatically reducing
the area of ACD that can contribute to backsplash [200]. In atition, the onboard use of
the ACD veto signals is disengaged when the energy depositia the calorimeter is larger
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Figure 4.9: Energy resolution as a function of electron erggr as measured with the
LAT calibration unit in CERN beam tests. Each panel displaysa histogram of the total
measured energy (hatched peak) and the reconstructed eng(golid peak), using the LK
method, at beam energies of 5, 10, 20, 50, 99.7 and 196 GeVpeesively. The beams
entered the calibration unit at an angle of 45 to the detector vertical axis. As long as
shower maximum is within the calorimeter, the energy measeiment and resolution are
considerably improved by the energy reconstruction algehims. The measured energy
resolutions ( E=E) are indicated in the gure.
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than an adjustable preset energy (10 to 20 GeV). Such eventeeasubsequently analyzed
using more complex software than can be implemented on board

Numerous trade studies and tests were performed in order t@tonize the ACD,
resulting in the design shown schematically in Figure 4.1@Rlastic scintillator tiles were
chosen as the most reliable, e cient, well-understood, anthexpensive technology, with
much previous use in space applications. Scintillation I from each tile is collected by
wavelength shifting bers (WLS) that are embedded in the scitillator and are coupled to
two photomultiplier tubes (PMTs) for redundancy. This arrangement provides uniformity
of light collection that is typically better than 95% over e&h detector tile, only dropping
to > 75% within 1{2 cm of the tile edges. Overall detection e ciery for incident charged
particles is maintained by overlapping scintillator tilesin one dimension. In the other
dimension, gaps between tiles are covered by exible sciltdting ber ribbons with >90%
detection e ciency.

ACD Base Electronics Assembly

Figure 4.10: LAT Anticoincidence Detector (ACD) design. Tle ACD has a total of 89
plastic scintillator tiles with a 5 5 array on the top and 16 tiles on each of the 4 sides.
Each tile is readout by 2 photomultipliers coupled to wavelggth shifting bers embedded
in the scintillator. The tiles overlap in one dimension to niimize gaps between tiles. In
addition, 2 sets of 4, scintillating ber ribbons are used taover the remaining gaps.

All ACD electronics and PMTs are positioned around the botto perimeter of the
ACD, and light is delivered from the tiles and WLS bers by a conbination of wavelength-
shifting and clear bers.

Data acquisition system (DAQ) and trigger

The Data Acquisition System (DAQ) collects the data from theother subsystems, im-
plements the multi-level event trigger, provides on-boar@vent processing to run lter
algorithms to reduce the number of downlinked events, and gvides an on-board science
analysis platform to rapidly search for transients. The DAQarchitecture is hierarchical
as shown in Figure 4.11. At the lowest level shown, each of 16Wer Electronics Modules
(TEMSs) provides the interface to the tracker and calorimete pair in one of the towers.
Each TEM generates instrument trigger primitives from comimations of tower subsys-
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tem (tracker and calorimeter) triggers, provides event buering to support event readout,
and communicates with the instrument-level Event Builder Mdule that is part of the
Global-trigger/ACD-module/Signal distribution Unit (GA SU).

SC Science SC
Data Commanding

| EPUO | | EPU 1 | H siu

. — == GASU

Event Global Command
Builder Trigger Response Unit

78 =,
N
7 AN

______

R P N i,

ACD Electronics
I TEM O I I TEM 1 | ....... I TEM 15 I Module

cllr cl|r cl|~ allal___.|a
Allk Al Al cl]c c
Ll Ir Llr LR o|]|po D

Figure 4.11: LAT Data Acquisition System (DAQ) architecture. The Global-

trigger/ACD-module/Signal distribution Unit (GASU) cons ists of the ACD Electronics
Module, the Global Trigger Module (GTM), the Event Builder Module (EBM), and the

Command Response Unit (CRU). The trigger and data readout &dm each of the 16 pairs
of tracker and calorimeter modules is supported by a Tower &ttronics Module (TEM).

There are two primary Event Processing Units (EPU) and one pmary Spacecraft Inter-

face Unit (SIU). Not shown on the diagram are the redundant uts (e.g. 1 SIU, 1 EPU,

1 GASU).

The time between a particle interaction in the LAT that causs an event trigger and
the latching of the tracker discriminators is 2.3 to 2.4 s, much of this delay due to the
analog rise times in the tracker front-end electronics. Sifarly, the latching of the analog
sample-and-holds for the calorimeter and the ACD are delaygprogrammable delay of

2.5 s) until the shaped analog signals peak.

The minimum instrumental dead time per event readout is 26(b s and is the time
required to latch the trigger information in the Global-Trigger Electronics Module (GEM)
and send it from the GEM to the Event Builder Module (EBM). The calorimeter readout
can contribute to the dead time if the full four-range CAL redout is requested. During
readout of any of the instrument, any TEM and the AEM (ADC Eledronics Module) send
a \busy" signal to the GEM. From these signals, the GEM then geerates the overall dead
time and the system records this information and adds it to te data stream transmitted
to the ground.

Any of the TEMs can generate a trigger request in several waygi) If any tracker
channel in the tracker module is over threshold, a trigger qeiest is sent to the module's
TEM which then checks if a trigger condition is satis ed, typcally requiring triggers from
3 x;y planes in a row. If this condition is satis ed, the TEM sends drigger request to the
GEM. (ii) If a predetermined low-energy (CAL-LO) or high-erergy (CAL-HI) threshold is
exceeded for any crystal in the calorimeter module, a triggeequest is sent to the GEM.
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The prompt ACD signals sent to the GEM are of two types: (i) a dicriminated signal
(nominal 0.4 MIPs threshold) from each of the 97 scintillates (89 tiles and 8 ribbons) of
the ACD, used to (potentially) veto tracker triggers origimating in any one of the sixteen
towers, and (ii) a high-level discriminated signal (nominia20 MIPs threshold) generated
by highly ionizing heavy nuclei cosmic-rays (carbon-nitgen-oxygen or CNO). The high-
level CNO signal is used as a trigger, mostly for energy caidtion purposes. During
ground testing the CNO signal is only tested through chargenjection.

4.1.2 Instrument modeling

The development and validation of a detailed Monte Carlo siolation of the LAT's re-
sponse to signals (-rays) and backgrounds (cosmic-rays, albedorays, etc.) has been
central to the design and optimization of the LAT. This appr@ach was particularly impor-
tant for showing that the LAT design could achieve the neceasy rejection of backgrounds
expected in the observatory's orbit. The instrument simulaon was also incorporated into
an end-to-end simulation of data ow, starting with an astrghysical model of the -ray
sky, used to support the pre-launch development of softwateols to support scienti c
data analysis.

The instrument simulation consists of 3 parts: (i) particlegeneration and tracking
uses standard particle physics simulators of particle intactions in matter to model the
physical interactions of -rays and background particle uxes incident on the LAT. In
particular, the simulation of events in the LAT is based on tle Geant4 (G4) Monte Carlo
toolkit [201, 202], an object-oriented simulator of the pasge of particles through matter.
G4 provides a complete set of tools for detector modeling. the LAT application, the
simulation is managed by Gleam, our implementation of the Gali software framework
[203], and so we use only a subset of the G4 tools. (ii) For a eiv simulated event
the instrument response (digitization) is calculated panaetrically based on the energy
deposition and location in active detector volumes in the ditcoincidence detector, tracker,
and calorimeter. (iii) From the digitized instrument respases, a set of trigger primitives
are computed and a facsimile of the Trigger and On-board Fny Software Filter is applied
to the simulated data stream. Events that emerge from the itument simulation (or real
data) then undergo event reconstruction and classi catioif 4.2), followed by background
rejection analysis (4.2.3). As discussed in4.2.3, the background rejection can be tuned
depending on the analysis objectives.

G4 contains a full suite of particle interactions with matte, including multiple scat-
tering and delta-ray production for charged particles, paiproduction and Compton scat-
tering for photons, and bremsstrahlung foe and €*, and low-energy interaction with
atoms, as well as several models of hadronic interactions.h& set of processes imple-
mented is controlled by a \physics list,” which allows for cosiderable exibility. In fact,
a special version of the model of multiple scattering is used provide better agreement
with our measured data.

Detector calibration data (thresholds, gains, non-unifonities, etc.) are used to convert
the energy deposited in the active elements to instrumentgials. For the tracker, dead
channels are removed from the data at this stage, as well asyasignals which would have
over owed the electronic bu ers. (These same e ects are tan into account again during
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event reconstruction, to aid the pattern recognition.)

4.2 Event reconstruction and classi cation

The event reconstruction processes the raw data from the vwaus subsystems, correlating
and unifying them under a unique event hypothesis. The dewment of the recon-
struction relies heavily on the Monte Carlo simulation of tle events. In the following
subsections, the basic blocks of the reconstruction are debed. We start with track
reconstruction, as it is key to developing the subsequent alysis of the other systems:
the found tracks serve as guides as to what should be expeciadooth the calorimeter
as well as the ACD for various event types. The analogous retruction processing for
EGRET, a spark-chamber pair conversion telescope, whichddnot bene t from a detailed
Monte Carlo model of the instrument, is described in [1].

4.2.1 Track reconstruction

Spatially adjacent hit tracker strips are grouped togetherforming clusters, and the coor-
dinates of these clusters are used in the track nding and ting. Each cluster determines
a precise location inz as well as eitherx or y. Because the planes of silicon detectors
are arranged in closely spaced orthogonal pairs, both tixeand y determinations can be
made, albeit the choice of tracker technology (single-sideilicon strip detectors) imposes
the ambiguities associated with projective coordinate remut on the initial pairing of
the x and y coordinates when 2 or more particles pass through a detectplane. This
ambiguity is resolved for tracks associated with particlethat pass through more than one
tracker module. For events with tracks con ned to one modulethe coordinate-pairing
ambiguity is resolved for 90% of these events using calorimeter information. Strigil
resolution of the coordinate-pairing ambiguity is only of scondary importance, having
primarily to do with background rejection.

At the heart of track- nding algorithms is a mechanism to geerate a track hypoth-
esis. A track hypothesis is a trajectory (location and dirg¢®n) that can be rejected or
accepted based on its consistency with the sensor readouthe generation algorithm
is combinatoric, with a signi cant constraint imposed on tke number of trial trajectories
considered because of the available computing power. Twa@atithms, described below,
are used.

Calorimeter-Seeded Pattern RecognitiofCSPR): For most of the LAT science analy-
sis, some energy deposition in the calorimeter is requiredhen present, both the centroid
and shower axis of the calorimeter energy deposition can bentgputed using a moments
analysis (see 4.2.2) in most cases. The rst and most-often selected algtthm is based
on the assumption that the energy centroid lies on the trajéory. The rst hit on the
hypothesized track, composed of ar;y pair from the layer in the tracker furthest from
the calorimeter, is selected at random from the possibley pairs. If a subsequent hit is
found to be close to the line between the rst hit and the locabn of the energy centroid
in the calorimeter, a track hypothesis is generated. The cdidate track is then populated
with hits in the intervening layers using an adaptation of Kéman tting (e.g.,[204]). The
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process starts from the rst hit. A linear projection is madeinto the next layer. The
covariance matrix is also propagated to the layer and prova$ an estimate of the error
ellipse that is searched for a hit to add to the track. The proagation of the covariance
matrix includes the complete details of the material crossde thereby providing an accu-
rate estimate of the error caused by multiple scattering. l& candidate hit exists in the
layer, it is incorporated into the trajectory weighted by the covariance matrices. The pro-
cedure is then iterated for subsequent layers, allowing farissing hits in un-instrumented
regions. Adding more hits to the track is terminated when ma than a speci ed number
of gaps (planes without hits associated with the track) havaccumulated (nominally 2).
The whole process is repeated, starting with each possibdgy pair in the furthest plane
from the calorimeter and then continued using pairs from chker layers. After a track of
su cient quality is found and at least two layers have been loped over, the process is
terminated.

A byproduct of this process is the rst Kalman t to the track, providing the 2, the
number of hits, the number of gaps, etc. From these quantitsea track quality parameter
is derived and used to order the candidate tracks from \bestto \worst".

At high energies & 1 GeV) the rst-hit search is limited to a cone around the diretion
provided by the calorimeter moments analysis in order to mimize confusion with hits
caused by secondary particles generated by backsplash. Téwmne angle is narrowed as
the energy increases, re ecting the improved directionainformation provided by the
calorimeter.

Following the completion of the CSPR, only the \best" track bund is retained. The
biasing caused by the track quality parameters makes this e longest, straightest track"
and hence, for conversions, preferentially the higher-energy track of ¢he" e pair. The
other tracks are discarded. The hits belonging to the bestdrck are agged as \used" and
a second combinatoric algorithm is then invoked.

Blind Search Pattern Recognition(BSPR): In this algorithm, calorimeter informa-
tion is not used for track nding. Events having essentiallyno energy deposition in the
calorimeter are analyzed using this algorithm as well as feubsequent track nding fol-
lowing the stage detailed above. The same procedure desedbfor the CSPR is used,
but here the selection of the second hit used to make the iratitrajectory is now done
at random from the next closest layer to the calorimeter. Thérajectory formed by these
two hits is projected into the following layer and if a hit in that layer lies su ciently
close to the projection a trial track is generated. The mecimésm of populating the track
candidate with hits follows that used in the CSPR, but withod any estimation of the
energy of the track, the multiple scattering errors are setypassuming a minimum energy
(default: 30 MeV). Hits are allowed to be shared between trks if the hit is the rst hit
on the best track (two tracks forming a vertex) or if the cluser size (number of strips)
is larger than expected for the track already assigned to thdit. The total number of
tracks allowed to be found is limited (default: 10).

The nal track ts must await an improved energy estimate to be made using the best
track to aid in estimating the fraction of energy depositedn the calorimeter (see 4.2.2).
Once this is done, the energy is apportioned between the rsivo tracks according to the
amount of multiple scattering observed on each. A subsequelalman t is done but
without re-populating the tracks with hits.
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The nal stage of track reconstruction combines tracks intovertices. The process
begins with the best track. The second track is selected byngply looping over the other
tracks in the event. The distance of closest approach betwe¢he best track and the
candidate second track is computed and if within a speci edistance (default: 6 mm) a
vertex solution is generated by covariantly combining the grameters of the two tracks.
The z-axis location (coordinate along the instrument axis) of tb vertex candidate is
selected using the detailed topology of the rst hits and is ssigned either to be in the
center of the preceding tungsten foil radiator, in the silion detector itself, or within the
core material of the tracker tray directly above the rst hit. A quality parameter is created
taking into account the 2 for the combination of tracks, the distance of closest appach,
etc. The rst track is paired with the second track having thebest quality parameter.
These tracks are marked as \used" and the next unused track selected and the process
repeated. If a track fails to make a satisfactory vertex it imssigned to a vertex by itself.
Thus all tracks are represented by a vertex.

In addition to the \standard" vertexing discussed above, aradditional improvement
is possible if calorimeter information is included. In eveéa where either during the
conversion process or immediately thereafter much of the engy is in -rays (due to
Bremsstrahlung or radiative corrections), the charged tigks can point well away from
the incident -ray direction. However the location of the conversion poins usually well
determined and, when combined with the energy centroid lotan in the calorimeter,
can give a fair estimate of the direction. The \best" track aswell as the rst vertex
are combined covariantly with this direction using weightdo apportion the total energy
between these directions. These \neutral energy" solutigresult in signi cantly reducing
the non-gaussian tails of the PSF.

4.2.2 Energy reconstruction

Energy reconstruction begins by rst applying the approprate pedestals and gains to the
raw digitized signals. Then, for each calorimeter crystathe signals from the two ends
are combined to provide the total energy in the crystal (indeendent of location) and
the position along the crystal where the energy was depositeThe result is an array of
energies and locations.

The three-dimensional calorimeter energy centroid is corafed along with energy
moments (similar to the moment of inertia, but with energy inplace of mass). The shower
direction is given by the eigenvector with the smallest eiggalue. Initially, the overall
energy is taken to be the sum of the crystal energies \CALEngyRaw" in Figure 4.9).
Further improvements must await the completion of the tted tracks.

The trajectory provided by the best track (or best track verex when available) is used
as input to estimate the energy correction necessary to acect for leakage out the sides
and back of the calorimeter and through the internal gaps beeen calorimeter modules.
Three di erent algorithms are applied to each event: a paraetric correction (PC) based
on the barycenter of the shower, a t to the shower pro le (SP)aking into account the
longitudinal and transverse development of the shower, arad maximum likelihood (LK)

t based on the correlations of the overall total energy depsited with the number of hits
in the tracker and with the energy seen in the last layer. Becge the SP method starts
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to work beyond 1 GeV and the LK method works below 300 GeV, ontyhe PC method
covers the entire phase space of the LAT. Figure 4.9 shows tresults of the LK method
applied to data obtained with electron beams at CERN enterigthe LAT calibration unit
at an angle of 45 to the detector vertical axis. The energy resolutions obtaed vary
between 4% at 5 GeV and 2% at 196 GeV.

At low energy ( 100 MeV), a signi cant fraction ( 50%) of the energy in a conver-
sion event can be deposited in the tracker and hence the detenation of this contribution
to the total energy becomes important. For this purpose theracker is considered to be
a sampling calorimeter where the number of hit silicon strgpin a tracker layer provides
the estimate of the energy deposition at that depth. The totanumber of hits in the thin
radiator section, the thick radiator section and the non-rdiator last layers is computed
within a cone with an opening angle which decreases Bs 2, whereE is the apparent
energy in the calorimeter. The \tracker" energy is added tohe corrected calorimeter
energy.

Because the PC method gives an energy estimate for all eventsis used to iterate
the Kalman track ts as mentioned in 4.2.1.

4.2.3 Background rejection

The vast majority of instrument triggers and subsequently dwnlinked data are back-
ground events caused by charged particles as well as earthedo -rays. The task of
the hardware trigger is to minimize their e ects on the instumental deadtime associated
with reading out the LAT. Subsequently the task of the onboat Iter is to eliminate a
su cient number of background events without sacri cing cdestial -ray events such that
the resulting data can be transmitted to the ground within the available bandwidth. The

nal task is for the analysis on the ground to distinguish bewveen background events and

-ray events and minimize the impact of backgrounds on-ray science. The combination
of these 3 elements reduces the background by a factor of abhd(® while preserving
e ciency for -rays exceeding 75%. For reference, the average cosmiay event rate in
the LAT is 2 Hz.

Background model

In order to facilitate the development of the on-board triggring and Itering and subse-
guent event reconstruction and classi cation algorithmsa model of the background the
LAT encounters in space has been developed.
As shown in Table 4.2, the background model includes cosmigys and earth albedo

-rays within the energy range 10 MeV to 10MeV. Any particles that might either make
non-astrophysical -rays and/or need to be rejected as background are includedlhe
model does not include X-rays or soft-rays that might cause individual detectors within
the LAT to be activated. The model is meant to be valid outsidehe radiation belts and
the South Atlantic Anomaly (SAA); no particle uxes from inside the radiation belts are
included. The boundaries of the belts are de ned to be wher&¢ ux of trapped particles
is 1 protoncm 2s ! (E > 10 MeV). LAT does not take data inside the SAA. The fraction
of time spent in the SAA is 14.6%.
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Energy range
> local geomagnetic 150 MeV to geomagnetic 10 MeV { 150 MeV

cuto cuto
Galactic Cosmic Rays
protons + antiprotons AMS
electrons AMS
positrons AMS
He AMS
Z > 2 nuclei HEAO{3
Splash Albedo
protons AMS Nina
electrons AMS Mariya
positrons AMS Mariya
Re-entrant Albedo
protons Nina
electrons Mariya
positrons Mariya
Earth albedo -rays 10 MeV { 100 GeV
EGRET
Neutrons 10 MeV {1 TeV

various sources

Table 4.2: Data sources for background model: AMS: [205];¢i: [206]; Mariya: [207],
[208]; EGRET: [89]; HEAO{3: [209]; neutrons: [210]

The AMS [205] and BESS [211] experiments provided importa@ind accurate new
measurements of the spectra of the protons and alpha paresl, the most abundant of the
various galactic cosmic-ray (GCR) components. AMS made deled latitude-dependent
measurements of the splash and reentrant albedo particles” (e and protons) in the
energy range from 150{200 MeV up to the cuto energies where the earth albedo oo
ponents become lost in the much greater GCR uxes. These usewill be updated with
results from the Pamela satellite [212].

For albedo uxes of particles with energies below 150 MeV, inaccessible to the AMS
and other large instruments, measurements made by NINA andINA-2 and a series of
Russian satellite experiments with an instrument known as Kfiya are used. The albedo

-ray uxes are taken from a reanalysis of the data collectedytEGRET when the CGRO
satellite was pointed at the Earth.

The model is based on empirical ts to the referenced data. Nbme variability is
included. The GCR uxes are taken to be the same as those obged near solar minimum
(maximum GCR intensities). The albedo uxes may vary with time and be correlated with
the GCR uxes. The uxes as observed by the NINA and Mariya expriments are used
without correcting them for solar cycle variations. While a East-West cuto variation
was included that a ects galactic cosmic ray components, lalixes except albedo protons
are assumed to be isotropic. The measurements are not cont@lenough for us to be able
to account for variation in parameters such as the zenith ate of the particles or their
pitch angles with respect to the local eld. We have attemptd to model some the zenith
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Figure 4.12: Orbit averaged background uxes of the variousomponents incident on the
LAT used in the background model. The uxes are shown as a futian of total kinetic
energy of the particles: protons (green lled triangles up)He (purple lled triangles
up), electrons (lled red squares), positrons (light blue guares), Earth albedo neutrons
(black squares), and Earth albedo -rays (dark blue lled triangles down). The e ect of
geomagnetic cuto is seen at 3 GeV for protons and electronand at higher energy for
helium nuclei. At low energies the curves show the sum of reteant and splash albedo
for electrons and positrons.

angle dependence for albedo protons, based not on measumaisiebut on modeling of the
albedo [213]. Further veri cation and improvement to the malel are being done on orbit.

The orbit averaged background uxes in the model are shown iRigure 4.12. For
charged particles, these uxes are integrated over solid gie. It is straightforward to
obtain uxes per unit solid angle. For galactic cosmic ray aoponents, divide by 8.7
sr, the solid angle of the visible sky that is not blocked by th Earth at Fermi's orbital
altitude. For the albedo components we have taken the reemint and albedo uxes to be
the same.

2.3.0.0Event classi cation and background rejection

After track reconstruction, vertexing, and energy reconstiction, the events are ana-
lyzed to determine the accuracy of the energy determinatisnthe directional accuracy,
and whether they are -rays.

All of the estimates are based on classi cation tree (CT) gamated probabilities. This
statistical tool was found to give the highest e ciency withthe greatest purity, exceeding
that which we obtained with either a more traditional cut-based analysis or with neural
nets. Our usage of classi cation trees involves training a ogdest number of trees (a few
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to 10) and averaging over the results. The trees are \grown" by immizing \entropy"
as de ned in statistics [214].

The nal energy estimate for each event is made by rst dividig the sample up into
subsets according to which energy methods were reportinguodts (PC+LF+SP, PC+LF,
PC+SP, and PC). When more than one energy method is availahléhe method selected
is determined using a CT. The subsets are then merged, now lvia single \best" energy
and a probability \knob" that can be used to lessen the presae of tails (both high and
low) in the distribution of reconstructed energies at the gxense of e ective area.

The analysis sorts the events according to where they occed in the LAT tracker.
(Events in the thick radiator portion have about a factor of 2worse angular resolution
due to increased multiple scattering.) When there is su ciat energy in the calorimeter
(default: >10 MeV), the neutral energy solutions are used. If a 2-trackevtex is present,
a CT determines whether the vertex derived direction or the ést track direction is used.

The background rejection is by far the most challenging of lathe reconstruction
analysis tasks. This is due to the large phase space covergdlte LAT and the very low
signal-to-noise ratio in the incoming data ( 1:300 for down-linked data). The rst task
is to eliminate the vast majority of the charged particle uxthat enters within the FoV
using the ACD in conjunction with the found tracks. One cannbsimply demand that
there are no triggers from the ACD because high-energyrays generate a considerable
amount of back splash, from the shower that develops in the lcaimeter, in the form of
hard X-rays that can trigger several ACD tiles. Consequentlonly the tiles pointed at by
the reconstructed tracks are used to establish a veto by thegsence of a signal in excess
of 1=4 of a minimum ionization event. Because the accuracy of theomting is energy
dependent due to multiple scattering, at low energy, only les within the vicinity of the
track intersection with the ACD are used, while at high energthe region is restricted to
essentially the one tile being pointed to.

The considerations for rejecting backgrounds involve theethiled topology of the
events within the tracker and the overall match of the showepro le in 3D in both
the tracker and the calorimeter. The tracker provides a clegicture of the initial event
topology. For example the identi cation of a 2-track verteximmediately reduces the back-
ground contamination by about an order of magnitude. Howevea majority of events
above 1 GeV don't contain such a recognizable vertex due toghsmall opening angle
of the e"e pair along the incoming -ray direction. The observation of a signi cant
number of extra hits in close proximity to the track(s) indiates they are electrons and
hence from the conversion of a-ray while the presence of unassociated hits or tracks
are a strong indicator of background. These as well as othesrsiderations are used for
training background rejection CTs.

The nal discriminator of background is the identi cation of an electromagnetic shower.
Considerations such as how well the tracker solution point® the calorimeter centroid,
how well the directional information from the calorimeter natches that of the track found
in the tracker, as well as the width and longitudinal shower 1 le in the various layers
of the calorimeter, are important in discrimination of backrounds. Again the informa-
tion from the reconstruction is used to train CTs and the redting probability is used to
eliminate backgrounds.

The broad range of LAT observations and analysis, from GRBotextended di use
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Analysis class Residual background Characteristics

rate (Hz)

Transient 2 Maximize e ective area, particularly at low
energy, at the expense of higher residual
background rate; suitable for study of lo-
calized, transient sources

Source 0.4 Residual background rate comparable to
extragalactic diuse rate estimated from
EGRET,; suitable for study of localized
sources

Di use 0.1 Residual background rate comparable to ir-
reducible limit and tails of PSF at high-
energy minimized; suitable for study of the
weakest di use sources expected

Table 4.3: LAT analysis classes

radiation, leads to di erent optimizations of the event setctions and di erent rates of
residual backgrounds. For example, in analysis of a GRB, thelatively small region
of the sky as well as the very short time window allow the backgund rejection cuts
to be relaxed relative to an analysis of a di use source cowveg a large portion of the
sky. Furthermore a key science attribute for GRB observatits is the time evolution
and the sensitivity of a measurement to rapid time variationscales as the square root
of the number of detected burst photons. The background rejgon analysis has been
constructed to allow analysis classes to be optimized foresp ¢ science topics.

Table 4.3 lists 3 analysis classes that have been de ned bdsen the backgrounds
expected in orbit, current knowledge of the -ray sky, and the performance of the LAT.
Our estimates of LAT performance are given in terms of thesenalysis classes. Common
to all of these analysis classes is the rejection of the chadgparticle backgrounds entering
within the eld of view. The classes are di erentiated by an ncreasingly tighter require-
ment that the candidate photon events in both the tracker andhe calorimeter behave
as expected for -ray induced electromagnetic showers. The loosest cuts &ppo the
Transient class, for which the background rejection was sét allow a background rate of
<2 Hz, estimated using the background model described i4.2.3, which would result in
no more than one background event every 5 sec inside a t8dius about a source. The
Source class was designed so that the residual backgroundtamination was similar to
that expected from the extragalactic -ray background ux over the entire eld of view.
Finally, the Diuse class has the best background rejectiomnd was designed such that
harsher cuts would not signi cantly improve the signal to nese. The various analysis cuts
and event selections will be optimized for the conditions &md on-orbit during the 1st
year all-sky survey phase. Note that these 3 analysis class@e hierarchical; that is all
events in the Di use class are contained in the Source classdaall events in the Source
class are in the Transient class.
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Figure 4.13: Ratio of the residual background to the extradactic di use background
inferred from EGRET observations [29] for each of the threenalysis classes. The integral
EGRET diuse uxis1:45 10 "phcm ?s ! sr ! above 100 MeV.

4.3 LAT calibration: the beam test program

The GEANT4 model is used to study reconstruction algorithmgincluding event ltering
for background rejection both on-board and o line) and instument response functions
(IRF) like angular and energy resolution and e ective area.lt is indeed not feasible to
scan the whole space phase of the LAT in terms of angle, positiand energy with a -ray
beam provided by an accelerator facility. However an expenental characterization of
the instrument must be performed to verify that the respons@f the actual instrument
matches the simulation prediction. It is important to reacha good reproducibility of both
directly measured quantities (energy deposit, hit multigtity) and high-level analysis
(reconstructed energy and direction). Moreover, a direct easurement of the IRF is
required for some critical con gurations, in particular wth low energy photons. For
all these reasons a small fraction of the LAT hardware was &ssbled in the so called
Calibration Unit (CU) and a beam test campaign was carried dwsing the CERN beam
lines at PS and SPS in summer 2006 [196].

4.3.1 The calibration unit

The CU is made with spare and ight-like hardware of the LAT, asembled ina 1 4
grid and placed horizontally on a remotely controlled motio stage, used to vary the beam
angle and impact point. The CU is composed of two tracker modks and three calorimeter
modules. Since the ight hardware must be kept in a clean andrd atmosphere, the CU
was protected by an aluminum container that can be ushed wit nitrogen and liquid
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cooled. All the electronic equipment, with the obvious exggion of the front-end boards
and the tower control modules (the TEM see4.1.1), was placed outside the container.
Five anticoincidence tiles were placed around the containg® study shower backsplash.

The CU used the same control system of the LAT. All the front+ed boards successfully
completed the space quali cation tests while the remaininglectronics was ight-like.
Several computers shared a local network with a central serv This machine had the
role of locally storing the raw data, save beam and moving tébinformation in a database,
send events to other machines for event display and online mtworing, send data to a
remote site for storage and complete automatic processingvents are reconstructed at
SLAC and ready for analysis a few hours after the end of the run

4.3.2 The CERN campaign

The T9 line at CERN PS was used in August 2006 for about 15 day$ data collection.
The line provides a mixed beam of energy from 0.5 up to 15 GeVaicle identi cation
was done with a Cherenkov detector (part of the T9 line) and aaincidence of scintillator
tiles was used as trigger. The run program for the PS campaigmcluded:

electrons from 1 to 5 GeV: to provide a direct energy calibrain of the calorimeter
and to validate the electromagnetic interaction model in tb simulation;

protons at 6 and 10 GeV: to validate the low energy hadronic teraction models;

tagged photons from 0.5 to 2.5 GeV of primary electron beamorfa direct mea-
surement of angular response and energy resolution of thestiument;

non tagged photons (primary beam energy 2.5 GeV): to verifyhe simulation of
photon interactions and collect events with a higher rate,aking advantage of the
full bremsstrahlung spectrum.

The photons in the T9 line were produced by bremsstrahlung dhe electron beam.
The photon energy was evaluated by measuring the electron mentum with a magnetic
spectrometer (the tagger). Such a device was set up with theagnet in the T9 area and
four SSD based tracking devices (for the two spectrometemas) in a con guration already
used by AGILE. A detailed description of the tagger detecta and their con guration can
be found in [215]. The data from the tagger were synchronizexhd merged online with
the CU data resulting in a more reliable monitoring of the bea and the instrument. In
fact it was possible to correlate quantities regarding the @, the beam and the tagger
online. In September 2006 the CU was moved to the H4 beam linetae CERN SPS
that provides particles with energy up to 400 GeV. The run prgram at SPS was mainly
composed of:

electrons from 10 to 280 GeV: to validate the electromagnetinteraction model in
the simulation and improve the high energy reconstructionlgorithm;

hadrons from 20 to 150 GeV: to validate the high energy hadraninteraction models.
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4.4 On ight calibration

On-orbit calibrations relate to all aspects of LAT measuremnts and data analysis results,
from absolute timing to energy and direction measurementsifindividual events, to uxes
and positions of gamma-ray sources.

The accurate timestamps of the LAT are obtained using the Ghlal Positioning System
(GPS) of the Fermi spacecraft, which provides timing and position informatin. Those
are needed for phase folding pulsars and correlatingray observations with those at other
wavelengths.

Source localization at GeV energies enables the LAT to regelbright, adjacent sources
previously labeled as unidenti ed and will help elucidate e origin of gamma-ray emis-
sions from galactic cosmic rays accelerated in supernovanrgants.

Operationally, calibration data are acquired in two distirct modes:

1. Dedicated, meaning that the trigger, detector and softwa Iter settings are incom-
patible with nominal science data taking.

2. Continuous, meaning the trigger and software can, with dypa small penalty in live
time, acquire specialized data that is used to calibrate, pmore generally, monitor
the performance of the LAT during nominal science data-takp.

Within a run the LAT acquires data with xed instrument con g urations. For the most
part, the dedicated calibration runs are concerned with chiacterizing the electronics'
response to known stimuli while the continuous calibratios are aimed at calibrating the
electronics with a known physics input. The stability of cabrations has been such that
operations in dedicated-mode amount to approximately 2.5durs every three months.

Sea-level cosmic ray muons were used to calibrate the loweayy scales and trigger
thresholds. Instead, charge injection into the front-endlectronics was used to calibrate
the high-energy scales. Because of rise-time slewing egcthe optimal synchronization
of trigger signals and optimal delays for data latching arenergy dependent. Pre-launch
tests was used to provide a best approximation of the optimadigger timing, and veri ed
and corrected the synchronization and delays with on-orbiata.

The on-orbit calibrations include synchronization of trigger signals, optimization of
delays for latching data, determination of detector thresblds, gains and responses, eval-
uation of the perimeter of the South Atlantic Anomaly (SAA), measurements of live time
and of absolute time and internal and spacecraft boresightignments. Some results sum-
marized in Table 4.4 were obtained using known astrophysicaources, galactic cosmic
rays, and charge injection. There were only minor changes talibration constants since
launch and these quantities have been stable during the rstight months of operations.

4.4.1 Determination of SAA polygon

The orbit of Fermi intersects the Earth's inner radiation belt in a region whib is known as
the South Atlantic Anomaly (SAA). This region features georagnetically trapped protons
with energies up to hundreds of MeV and electrons with enegs up to tens of MeV. The
ux of protons and electrons in the LAT energy range reach lals which are several orders
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Category Title

Summary

Trigger Time coincidence window

ACD Pedestal

ACD Coherent noise

ACD MIP peak

ACD High range (CNO)

ACD Veto threshold

CAL Pedestal

CAL Electronics linearity

CAL Energy scales

CAL Light asymmetry

CAL Zero-suppression threshold
CAL Low-energy threshold

CAL High-energy threshold

TKR Noisy channels

TKR Trigger threshold

TKR ToT conversion parameters
TKR MIP scale

SAA SAA polygon

Timing LAT timestamps

700 ns, settings within 50 B8
width <4 digital counts or < 0.01 MIPs
removed down to 0.005 MIP
stability <10%
width of carbon peak 20% of peak
turn-on at 0.4-0.5 MIP, set within 0.01 MIP
RMS within 0.1-0.2 MeV
corrected to 1% of the measured energy
spread crystal-to-crystal 1%
stability of peaks: MIP( 2%), carbon( 1%)
2 mm (low energy), 9 mm (high energy) from 200-900 MeV
set at 2 MeV, 10 x electronics noise
set at 100 MeV ( 1%)
setat 1 GeV ( 2%)
avg strip occ. (10 °), add 10% to the TKR data
electronic noise occupancy (107), 0.04% disabled
setat 0.28 MIP, spread channel-to-channel 5%
1 digital counts shift since launch (99.96% of channels)
tted to 8% (statistical error)
RMS of correction factor (9%)
in SAA for 13% of the orbit time
< 0.3 s with respect to a reference GPS

Table 4.4: Summary of the on-orbit Fermi LAT calibrations.
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of magnitudes above those of primary cosmic rays. This exine particle ux imposes

constraints on LAT operations. The TKR electronics saturag due to the increase in the
charge deposited per live time, leading to large dead timeafttions, thereby hampering
scienti c observations. The continuous in ux of particlesgenerates high currents in the
ACD photomultiplier tubes (PMT), thus exceeding safe operéng limits, which leads to

slow deterioration. Therefore, during SAA passages, triggng, recording and transmis-
sion of science data are stopped and the bias voltages of theFs are lowered from 900V
to 400V. Only LAT housekeeping data are recorded and transmét to the ground.

The position along the orbit de ned by the GPS receiver aboarthe Fermi spacecraft
determines the transition between nominal science operatis and the SAA transit mode.
The latitude and longitude of the Fermi position are compared to the bounds of a poly-
gon de ned by 12 latitude-longitude vertices stored in the gacecraft memory. As the
spacecraft position crosses this polygonal boundary it rgers the SAA transit mode. To
avoid multiple entries and exits during a single orbit, a corex polygon is used to de ne
the SAA region.

A conservative de nition was chosen for this initial SAA boudary, with the expecta-
tion that the boundary based on particle rate measurements adle with the LAT once it
was on orbit would be updated .

After launch, diagnostic data of the LAT were used to re ne tle size of the polygon.
Even though science triggers are disabled during SAA passagfast trigger signals remain
operational. Special TKR and ACD counters can sample the ratof fast trigger signals
to determine position-dependent rates of the LAT along therbit.

4.4.2 Live time

The live time is accumulated taking into account the varietyof dead time e ects. Science
data taking is disabled during SAA passages (see Section.4)4 Instrumental dead time,
during event latching and readout, is about 8% on average aitle the SAA, although
this fraction depends on the trigger rate (primarily backgound). The dependence on
the geomagnetic latitude ofFermi is secondary. Other losses are caused by failures in
transmission and ground processing and dedicated-modeiloedtions.

Accurate accounting for live time is essential for obtainig calibrated uxes and spectra
for astrophysical sources of gamma rays. The live time reks the e ective collecting area
of the LAT to the overall exposure. Owing to the very large etl of view of the LAT
(>2 sr) and the relatively slow scanning rate (4 deg min 1) the accumulated live time
typically is needed only coarsely (30 s intervals) for accurate exposures to be calculated.
For very bright transient sources, ner accounting for livetime is used, owing to the high
and variable rates of triggers. For example, a bright GRB inhe eld of view of the LAT,
such as GRB080916C [107], can induce a dead time fraction d&foat 16% during the
impulsive phase of the burst.

Every time the LAT triggers, further data taking is disabled until the data from the
event are read out. After the end of the time coincidence wimgv the latency of the
trigger system is 100 ns before the new time coincidence windis available, even if the
previous event was not read out. Single front-end electranichannels can be dead for
several microseconds while the pulse is above threshold.
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4.4.3 Overall timing accuracy

Recording accurate arrival times of LAT photons is essentidor studies of gamma-ray
bursts and pulsar timing. Absolute timing tests were perfoned during pre- and post-
launch activities. A discussion of LAT pulsar timing can bedund elsewhere [216].
During pre-launch tests we recorded cosmic rays to measutgettime di erence be-
tween two GPS systems. The coincidence signal from theseesiltriggered a VME-based
GPS time system previously used by the ground-raytelescope CELESTE. Its absolute
time accuracy was previously demonstrated by measuring th&rab optical pulsar [217].
Reconstructed muon tracks traversing the LAT detector werextrapolated to their im-
pact point on the laboratory oor and their timestamps were neasured with respect to
the GPS of the Fermi satellite. If a muon passed through the pair of scintillatas placed
next to Fermi, a GPS timestamp from a standalone VME data acquisition systn was
also recorded. The LAT timestamps agreed with the referenc&PS to within 0.3 s.

4.5 Performance of the LAT

The performance of the LAT is basically determined by the dém of the LAT hardware,
the event reconstruction algorithms (i.e., the accuracy ahe ciency with which the low-
level event information is used to determine energy and doion), and event selection
algorithms (i.e., the e ciency for identifying well recondructed -ray events).

Figures 4.14 { 4.17 summarize the performance of the LAT. Theerformance parame-
ters are subject to change as event selection algorithms dvether optimized, particularly
during the early part of on-orbit operations ofFermi. For the most up-to-date performance
parameters go to http://www-glast.slac.stanford.edu/sdtware/IS/glast _lat_performance.htm.

Figure 4.14 shows the on-axis e ective area versus energy fach of the analysis
classes de ned in Table 4.3. Contributions from conversisnin both the thin and thick
sections of the tracker are included, with each contributipp about 50% of the e ective
area. Note that the peak e ective area, near 3 GeV, is nearljhe same for all 3 analysis
classes, while at energies below 300 MeV the e ective area fhe transient class is a
factor of 1.5 larger than the for the diuse class. Figure 4.15 shows ¢he ective area
for the source class on-axis and at 6@ -axis.

Figure 4.16 shows the energy dependence of the 68% containtmadius (space angle)
for -ray conversions in the thin section of the tracker that arenicident either on-axis or
at 60 o -axis for the source class. The PSF for -rays converting in the thick section of
the tracker is about twice as wide.

Figure 4.17 shows the energy resolution of the LAT versus egg for the source class.

With adiuse -ray background model based on EGRET observations and thesiinu-
ment performance summarized above, the source sensitividfthe LAT can be estimated.
The source sensitivity of course depends not only on the uxfdhe source but it also
depends on the spectrum of the source.
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Figure 4.14: E ective area versus energy at normal incideador Di use (dashed curve),
Source (solid curve), and Transient (dotted curve) analysiclasses.
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Figure 4.15: E ective area versus energy at normal incideac(solid curve) and at 60
o0 -axis (dashed curve) for Source analysis class.

10? Ty T T — T =

Angular resolution (68% cont. radius, degrees)

il el el ol

102

10? 10° o 10

1
Energy (MeV)

Figure 4.16: 68% containment radius versus energy at normatidence (solid curve) and
at 60 o -axis (dashed curve) for conversions in the thin sectionfdhe tracker.

85



The Fermi LAT Instruments

02", ]

DE/E (for 68% containment)

10
Energy (MeV)

Figure 4.17: Energy resolution versus energy for normal idence (solid curve) and at
60 o -axis (dashed curve).

86



Chapter 5

Upper Limit Statistical Method

Many GRBs happened inside the eld of view of both AGILE and LA, but were not
detected by these instruments. To understand the GRB emissi mechanisms, also a non
detection could be useful particularly to constrain the uppr band of the GRB spectrum.
In this chapter a method to compute upper limits will be discased.

In the astrophysics community there are two common errors v@m an upper limit on
the source ux is provided [218]. The rst one, and the more gomon, is to confuse the
sensitivity with the upper limit on the source ux. The 3 uctuation from the mean value
of the background counts is taken as the count upper limit. Of the background is thought
to follow a Poisson distribution the upper limit is computedas the poissonian uctuation
from the background mean. This method does not take into aceot the presence of the
source and its uctuations so it could not be a good estimatio of the source ux. The
second method used is to subtract the number of the expecteddixground countsB from
the received number of count®. The counts from the source are theN®= N B. This
method fails to consider the Poisson uctuation on the backgund counts.

More recently a method was implemented to taking into accouaiboth the source and
the background counts and their Poisson uctuation [219]. r this chapter is described
an upper limit computational method which starts from the céculation of a Neyman
con dence belt [220] for a signal S given a number of counts Mda number of expected
background counts B. An extension of this paper include in #h computation also the
systematic error on the background expected counts [221]. hiE method proposed by
Feldman and Cousins was widely used to provide upper limitsaales, but a study from
Helene [222] shows that the coverage (the percentage of theds that the estimated
upper limit lies above the true ux) of this method is not the dhosen one: the upper limit
is underestimated respect to the con dence level one wish joint (see chapter 7 for the
comparison of these two methods).

After the sieve of all these methods a Bayesian method was ska: it was proposed
from Helene in [223] and [5]. This Bayesian method was selstttinstead of the frequentist
one (Feldman & Cousins), because of the studies on the cowgeaand because in the
frequentist approach the physical limits of the ux are irrdevant [224] (for example a
source ux could be negative in the computation but then thedwer limit of the interval
is placed on the lower physical bound), while this physicahformation is used in the
Helene calculation.
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5.1 The Helene method

If S is the mean counts received from a source in the observatiome t,, and N the
photons detected in the same time intervalN follow the Poisson distribution:

e SSN
N !

In the case that on top of the source photons there is an avemfackgroundB, the
new Poisson distribution is:

P(N) =

(5.1)

X e SSNsg BBNs g (S*B)(S 4 B)N
PIN)= No!' N N (5-2)
Ns;Np

Ns+Np=N

with Ny and Ng counts from background and source respectively and, as befoS
and B are the mean counts in the time intervak,, In the case of the analysis presented
in chapter 6 the mean of background count® is assumed known to a high degree of
precision and its error is negligible. For this purpose thedtkground is sampled in an
0 -source time interval at least ten times longer thanty,.

From the Bayes theorem the posterior probability for the paameter S as a function
of the observablesN and B is:

frne (S) _ P(S)Ps(N): (5.3)

Ps(N) is, in this case, the Poisson distribution (5.2) foiS + B. The function p(S) is
the, so called, prior that contains all the prior knowledge @ S one wants to put into the
estimate.

The subjective information the prior is not always acceptedtby the physicists because
the nal evaluated probability is thought not objective. In the Helene method the prior
contains the only physical bound of nonnegative ux from thesource. In this case the prior
probability distribution function is a constant de ned in [0; +1 ] that means that all the
uxes in the de nition range have the same probability. As slown in g. 5.1 the result
depends weakly from this prior information and that other piors that disfavour large
received counts give similar upper limits. In g. 5.1 the costant prior (a) is compared
with other two priors, one of those (b) is an exponential prio(e S with = 0:005) while
the other (c) is a Lorentzian prior (( 2+ S?) ' with = 20).

The posterior probability in the Helene method is:

e (S+B)(S+ B)N
N!

whereC is the constant that contains the prior constant and the norralization of the
Poisson distribution of S + B respect toS:

fN;B (S) =C

(5.4)

Z, 1 1
(s+B)(S + BN XN Bgn
c= st _S*B T_ T e

| |
0 N! P

(5.5)
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Figure 5.1: In [218] a study on the in uence of the chosen pri@n the upper limit value

is presented. Because a constant prior is though to be not fistic a comparison is done

between the upper limits resulting with other priors that donot extend to in nity. The

resulting upper limit on the source as a function of the detéed counts is shown in the

plot: the tree curves refers to (a) a constant prior, (b) an gonential prior (e S with
= 0:005) and (c) a Lorentzian prior (( >+ S?) ' with = 20).

Eqq. (5.2) and (5.4) re ect the di erence among the frequenst and the Bayesian
approach. In fact eq. (5.2) describes the probability to ha/N counts givenS and B
(frequentist approach). While the eq. (5.4) gives the proHality for a source to have a
ux S given B and the observed\ counts (Bayesian approach).

The de nition of the con dence level is now simply the integal of fyg (S) in the
interval [Smin ; Smax |:

Smax
dSfy.s (S) = CL: (5.6)
Shin

The interval Siax Smin IS Minimized for a given con dence level as showed in [218].
This mean that among all the intervals that covers the 95% ofhie total probability
function the integral 5.6 is the smallest one.

The con dence interval de ned in eq. 5.6 can be obtained numieally integrating in
both directions from the most probable value of eq. 5.4 andwéys choosing to sum the
side with the higher probability until the wanted con dence level is reached as g 5.2
shows. If the lower limit of this interval is O the source ux B compatible with 0 and
an upper limit is provided otherwise the source is detectedith the desired con dence
level. For example if the background expected counts are 4dte is a detection at 95%
con dence level with at least 9 received counts.
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Figure 5.2: The minimal 95% con dence interval for S iN =6 and B = 0 is the shaded
region in the posterior distribution function of S. See [218

This method was implemented in a C++ program to use it in any cae and with any
number of counts. Before adopting it for the real analysis thcode was tested for N that
ranges from O to 9 and for each N the B counts vary from 0.0 to 10. The result of the
test, in the case of 95% of con dence level required, are showm tab. 5.1: in each row the
lower limit and the upper limit are listed. Similar tables wee compiled for the cases of
68% and 99.7% con dence level required. All these tables werompared with the tables
in [218].
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5.1 The Helene method

Number of observed counts N

B 0 1 2 3 4 5 6 7 8 9
0.0 00 004 030 071 121 176 235 297 3.62 4.29
3.00 476 640 7.95 943 10.86 12.26 13.63 1498 16.30
1.0 00 00 00 00 023 076 135 197 262 3.29
3.00 411 541 6.78 832 984 1126 1263 13.98 15.30
2.0 00 00 00 00 00 0.0 040 099 163 229
3.00 382 482 598 724 854 1012 1159 1297 14.30
3.0 00 00 00 00 00 0.0 0.0 011 067 131
3.00 364 444 539 648 7.66 890 10.29 11.85 13.26
4.0 00 00 00 00 00 0.0 0.0 0.0 0.0 0.41
3.00 353 418 497 589 692 805 924 1048 12.03
5.0 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0
3.00 345 400 466 543 633 733 842 957 10.77
6.0 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0
300 339 386 442 509 58 673 770 876 9.88
7.0 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0
3.00 334 376 424 481 548 624 710 8.05 9.08
8.0 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0
3.00 331 367 410 460 518 584 660 745 8.38
9.0 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0
3.00 328 361 399 443 493 552 6.18 693 7.77
10.0 00 00 00 00 00 0.0 0.0 0.0 0.0 0.0

3.00 325 355 3.89 428 473 525 584 650 7.25

Table 5.1: Test table for the C++ implemented Helene methodn the case of 95% required
con dence level.

91






Chapter 6

Analysis and results from AGILE

After two years of operations three GRBs were detected by AGE-GRID: 080514B
[225], 090401B [135] and 090510 [226]. This is contrast witlke rough expectation of
1 GRB/month that AGILE could have detected in one year of opeation, based on the
previous EGRET detections [227]. The prelaunch expectatis for AGILE were derived
using the ratio of the eld of view of EGRET and AGILE/GRID and estimating simply
that since EGRET detected almost 1 GRB per year then AGILE/GRD should have de-
tected almost 1 GRB per month[227]. The AGILE results show i this rate was not
correctly estimated. To provide a better estimation, the BASE detected rate and the
ratio of the EGRET and BATSE elds of view were considered: ERET detected only
1 GRB out of 10 in its eld of view. In the AGILE sample, there ae respectively 25
and 35 GRB per year in the two years of the AGILE mission and soe AGILE detected
with high signi cance three of them, there is a small disagement with the rate of 1/10
in its eld of view that it should have detected. Moreover thevast majority of the GRB
occurred in the AGILE eld of view were triggered by Swift/BAT with lower peak ux
and softer spectrum. Fermi/LAT is detecting almost a simila fraction of high energy
GRB (see chapter 7).

6.1 Selected Sample

The studied GRBs in this analysis were selected based on thewo simple criteria, loca-
tion of the GRB in the Field of view, distance of the GRB from tle Earth center greater
than 80 to avoid earth occultation of the detected events.

The list of all GRB is shown in table 6.1, with the correspondig GCN reporting the
trigger and location and/or the GRB spectral information. The table reports also the
GCN issued already by AGILE/GRID reporting the results of the quick look analysis.
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Analysis and results from AGILE

Name Trigger RA DEC Theta Trigger Spectral GRID
Info Info GCN

070724B  SuperAGILE 17.629 57.673 21.0 6668 6671 (KW) 6670

070805 Swift/BAT 245.043 -59.945 27.8 6708

070824 SuperAGILE/IPN  171.8 -27.3 50.3 6767 6768 (KW)

071010B  Swift/BAT 150.530 45.731 414 6871 6879 (KW)

071021 Swift/BAT 340.573 23.764 58.2 6958

071104 SuperAGILE 295.600 14.645 19.8 7042

071118 Swift/BAT 299.839 70.130 36.9 7106

080210 Swift/BAT 251.259 13.826 36.5 7281

080218B  Swift/BAT 177.927 -53.086 22.1 7314

080229B  SuperAGILE 199.221 -64.878 13.3 7340

080303 Swift/BAT 112.019 -70.231 54.7 7351

080310 Swift/BAT 220.040 -0.164 595 7382

080408 SuperAGILE 114678 33.305 129 7571 7572

080413A Swift/BAT 287.301 -27.677 48.6 7594 7630 (WAM+BAT)

080413B  Swift/BAT 326.138 -19.981 546 7598 7606 (BAT)

080430 Swift/BAT 165.331 51.682 40.3 7647

080506 Swift/BAT 329.467 38.961 49.1 7685

080524 Swift/BAT 268.449 80.143 489 7774

080613A INTEGRAL 213.274 5.169 351 7871

080613B  Swift/BAT 173.806 -7.102 38.8 7873 7884 (KW)

080625 SuperAGILE 298.442 56.265 21.92 7903 7930 (WAM)

080714 Swift/BAT 188.104 -60.274 13.4 7978 7983 (KW)

080721 Swift/BAT 224.481 -11.709 48.6 7988 7995 (KW)

080723B INTEGRAL 176.835 -60.245 13.2 8002 8015 (KW)

080726 SuperAGILE 20.398 13913 24.1 8020

080727C  Swift/BAT 32.638 64.130 26.8 8035

080817 Fermi/GBM 151.290 -19.260 57.0 8108

080828 SuperAGILE 199.626 -65.930 11.6 8151

080915B  Swift/BAT 213.088 -11.491 49.4 8234

080916A Swift/BAT 336.289 -57.026 56.9 8237 8259 (KW)

081001 SuperAGILE 276.576 -8.754  20.4 8305 8353 (KW)

081003B INTEGRAL 285.020 16.690 45.7 8317

081102B Fermi/GBM 231.200 35.200 51.3 8496 8496 (GBM)

081119 Fermi/GBM 341.400 29.700 25.9 8533 8533 (GBM)

081128 Swift/BAT 20.800 38.123 485 8571

081130B Fermi/GBM 14.100  4.200 58.7 8593 8593 (GBM)

081203A Swift/BAT 233.071 63.514 59.4 8595 8611 (KW)

081211B  Swift/BAT 168.264 53.830 58.2 8661

081224 Fermi/GBM 206.200 73.300 58.7 8723 8739 (WAM)

090126 SuperAGILE 3.848 81.365 13.5 8852

090131 Fermi/GBM 353.000 16.400 54.7 8876 8876(GBM)

090219 Fermi/GBM 16.400 60.200 159 8911 8911 (GBM)

090222 Fermi/GBM 120.200 43.400 51.0 8912 8912 (GBM)

090303 Fermi/GBM 223.700 -68.200 42.3 8931

090304 Fermi/GBM 246.400 -80.900 51.7 8930

090306B  Swift/BAT 231.208 -6.968 32.1 8944

090308 Swift/BAT 183.502 -48.817 58.3 8948

090309 Swift/BAT 284.973 -25.261 23.7 8964

090319 Fermi/GBM 274.600 -11.400 18.8 9019 9019 (GBM)

090324 SuperAGILE 257.178 -48.147 23.1 9029 9061 (WAM)

090326 Fermi/GBM 259.600 -11.600 24.1 9059 9059 (GBM)

090410 Swift/BAT 334.980 15.471 541 9122 9129 (WAM)
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6.2 Background evaluation and Upper Limit calculation

090418B  Swift/BAT 225910 17.224 55.2 9159 9171 (KW)

090516A  Swift/BAT 138.271 -11.858 26.3 9374 9422 (BAT + KW)
090516B Fermi/GBM 122.200 -71.620 354 9413 9413 (GBM)

090607 Swift/BAT 191.169 44.105 38.2 9491

090618 Swift/BAT 293.990 78.358 38.7 9512 9553 (KW) 9524
090620 Fermi/GBM 237.400 61.200 57.2 9554 9554 (GBM)

090709 Swift/BAT 289.933 60.731 48.2 9625 9647 (KW)

090715B  Swift/BAT 251.344 44827 46.6 9668 9679 (KW)

090904B  Swift/BAT 264.185 -25.214 17.3 9881 9895 (GBM)

090916 Swift/BAT 126.579 25933 49.8 9913

091010 SuperAGILE 298.669 -22.538 8.9 10004 10013 (KW) 102
091015 INTEGRAL 306.130 -6.170 39.0 10025

Table 6.1: Information on the sample selected for the upper
limit calculation. The spectral information are provided by
Konus/WIND (KW) Wide-band All-sky Monitor (WAM) on board

of the Suzaku satellite, Gamma-Ray Burst Monitor (GBM) on
board of the Fermi satellite and Burst Alert Telescope (BAT) on
board of the Swift satellite.

6.2 Background evaluation and Upper Limit calcula-
tion

In the upper limit evaluation, the most crucial important analysis is the background
evaluation. A precise background investigation is importa& to predict, with a good
precision, the estimated counts mean valuB in the observation timetgp.

To calculate the background rate correctly some requiremenwere made (see g. 6.1
green distribution), rst of all the satellite on-ight and data-taken parameters have to
be in the correct range (i.e. GPS information, star sensor dnpointing information),
and the chosen event must be completely reconstructed frome o -line software for the
reconstruction and ltering (in the g.6.1 all the events discarded are in the distributions
light blue and red). All the background studies were made befe the GRB trigger, to
avoid the contamination of the background data with signal dta, in fact it is ignored
for how long lasts the GRB emission in this energy range. Bdss the spatial region of
the GRB search is selected: 15deg of radius from the GRB paait (grey distribution
in g.6.1). More than the orbit, the AGILE data are modeled by the earth occultation
and the passage through the SAA phase (see green distribution g. 6.1), both these
situations were excluded in the background sampling (in they. 6.1 the time intervals
when the signal region is occulted by the earth are indicatedith the blue bars on the
bottom). The last condition, for the requirement that the mean B must have negligible
error, is the time interval,where the background rate is caulated, is asked to be at least
ten time longer than thet,,. Moreover the interval is selected to be the nearest to the
trigger time with these characteristics.

The research of the signal has similar requirements: the sefed events must be com-
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Figure 6.1: The selection of events (as explained in the tgxto model the background
expectation in the signal region.

pletely reconstructed and taken when all the satellite andhie instrument parameters are
good. Because there is no evidence of signal in the GRB anagzhe UL computation
for the prompt phase is made on thel' 90 time interval as showed in Tab. 6.2 and in
g.6.3 (where the lightcurve in T90 interval of GRB090410 ishown). While the selected
signal space region is, for all bursts, 15deg (showed in g.2§.

The radius of 15deg is required to select also events with ydow energy and is in fully
accord with 3 times the PSF radius. This spatial requiremenincludes also all the cases
when the burst is not well localized with a localization ernograter than 3deg. In the
case the signal region is occulted, even if the mean rate oktbackground is estimated
in a not occulted time region, the expected count meaB is multiplied by the fraction of
not occultation.

The table 6.2 shows the results from the application of the Hene method to the
GRBs analyzed. The con dence level of the upper limit givenni counts and in ux is
99, 7% (corresponding to a 3 Gaussian).

From the count upper limit to a ux upper limit the AGILE e ect ive areais introduced.
This area is measured on- ight from a known ux: the Vela specum from 35 MeV to 20
GeV is divided into 15 energy bins and for each bin the recetvghotons are divided for
the relative Vela ux to obtain the instrument e ective area in that energy range.
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6.2 Background evaluation and Upper Limit calculation
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Figure 6.2: The count map of the selected signal region of 1&gl in the case of the
GRB090410 (colored squares) in its T90=150s. To see if theaee features in the back-
ground spatial distribution also the background events arplotted (black dots).
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Figure 6.3: Lightcurve in T90 interval of GRB090410. The veical blue line is the time
of the trigger, while the horizontal blue line indicates theexpected background counts.
The times are referred to the trigger time.
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Analysis and results from AGILE

The total e ective area must be calculated convolving the sgctrum with di erent
areas. The source spectrum is used to weight the areas withetphotons that the instru-
ment could receive from the source. If the GRB spectrum B 2° the total e ective area
is:

Agrs = —H (6.1)

whereE; is the mean energy in each interval where the e ective arearnseasured, and the
E; is the width of the energy bin. The ux is then corrected for the occulted fraction
of the region.

Name Duration Counts BKG Counts Counts UL Flux UL ( 10 3)

070724B 55 15 15.9 14.9 0.78
070805 60 13 6.9 19.8 2.24
070824 10 1 0.35 7.8 21.84
070920A 60 1 0.11 8.04 70.90
071010B 40 8 8.9 11.9 1.06
071021 150 14 19.1 12.4 0.47
071104 20 3 8.1 7.8 1.11
071118 80 18 13.2 20.3 1.14
080210 50 5 10.4 8.7 0.74
080218B 10 0 0.02 5.9 243.83
080229B 100 13 10.2 16.7 1.40
080303 70 0 7.2 5.9 0.58
080310 70 7 8.5 111 0.90
080408 20 1 1.0 7.5 6.64
080413A 50 9 11.2 11.7 1.08
080413B 30 5 4.4 11.2 2.11
080430 20 2 2.9 8.1 2.04
080506 150 29 24.1 23.8 0.73
080524 10 1 1.1 7.4 4.36
080613A 30 5 6.5 10.0 1.583
080613B 110 34 31.7 23.0 0.75
080625 60 16 11.4 19.5 1.64
080714 35 9 4.9 16.2 3.37
080721 20 5 1.6 13.5 7.86
080723B 100 a7 36.5 33.2 0.95
080726 12 2 2.2 8.4 3.17
080727C 100 27 24.2 21.4 0.61
080817 70 8 8.6 12.1 0.98
080828 25 9 5.7 155 2.52
080915B 5 1 0.9 7.5 6.94
080916A 60 7 2.7 15.5 2.92
081001 10 11 5.1 18.8 5.38
081003B 30 14 6.9 21.1 3.25
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6.3 Analysis of GRB with spectral information

081102B 5 0 0.7 5.9 6.73
081119 2 0 0.6 5.9 8.50
081128 100 13 14.3 13.9 0.64
081130B 15 2 15 8.8 3.33
081203A 70 11 6.7 17.3 1.40
081211B 120 13 5.6 21.1 1.02
081224 20 2 1.3 8.9 2.92
090126 60 6 6.5 111 1.89
090131 32 5 3.9 11.5 2.04
090219 1 0 0.3 5.9 17.00
090222 20 6 2.3 14.3 5.65
090303 40 8 9.1 11.9 1.06
090304 60 2 6.6 7.3 1.23
090306B 20 8 3.4 16.2 4.79
090308 60 5 6.6 9.9 0.94
090309 10 2 3.4 8.0 2.28
090319 70 21 31.4 12.7 0.52
090324 30 11 11.6 13.5 1.29
090326 10 6 3.7 13.1 3.75
090410 150 19 19.1 16.8 0.80
090418B 65 4 7.7 8.6 0.75
090516 210 20 13.1 23.0 1.61
090516B 140 40 27.3 33.8 0.87
090607 5 4 1.4 12.1 8.67
090618 110 23 16.1 23.9 1.12
090620 20 1 2.4 7.1 2.00
090709 60 2 9.1 7.0 0.75
090715B 266 0 10.5 5.9 0.10
090904B 47 5 16.2 7.8 0.53
090916 64 1 10.8 6.4 0.46
091010 10 3 4.3 8.7 251
091015 100 7 29.18 7.5 0.29

Table 6.2: Upper limits table. The spectral index as-
sumed is -2.5 and the energy range is 30 MeV - 3 GeV

6.3 Analysis of GRB with spectral information

For those GRB with available public spectral information, acomparison of the estimated
upper limit with the estimated ux in the AGILE/GRID band was performed (as shown
in g.6.4 for GRB090410) and listed in table 6.3. For the GRB wth exponential cuto

spectral shape, the derivation of the upper limit was done ugy a tentative high energy
power law value of -2.5. From the public GCN the value of the ggtrum normalization
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Analysis and results from AGILE

was calculated and then the ux extrapolated up to the GRID bad of 30 MeV - 3 GeV.
Figure 6.4 shows spectrum for the GRB090410, the extrapotat ux value is indicated
with the blue horizontal line, while the estimated upper linit is the horizontal red line;
similar behavior is present in most of the GRBs. In two case€90219 and 090904B the
upper limit is lower than the expected ux. But in the rst case the spectrum measured
by the Fermi/GBM was tted with a power low and there should bea cut o at energies
>1 MeV. Instead in the second case the upper limit is not far fro the extrapolated,
from a band function, ux and there could be a cut o at some enggy. Or the spectrum
was not enough well measured to be tted, indeed not a uniqueesctral t function was
proposed for this burst: both a band and a power law with an exgnential high energy
cuto functions gave good results from t.
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Figure 6.4: Spectral extrapolation at high energy of the GR@0410. The blue horizontal
line shows the derived expectation for the GRB ux in the band30MeV - 3GeV, while
the red line is the UL ux estimated with the Helene method.

100



6.3 Analysis of GRB with spectral information

GRB Flux UL (x10 3) Expected ( 10 3)

cts/(s cm?) cts/(s cm?)
070724B 0.78 0.11
070824 21.84 1.28
071010B 1.06 0.03
080413A 1.08 0.08
080413B 2.11 0.04
080613B 0.75 0.64
080625 1.64 0.003
080714 3.37 0.07
080721 7.86 2.81
080723B 0.95 0.66
080916A 2.92 0.01
081001 5.38 0.45
081102B 6.73 3.40
081119 8.50 0.21
081130B 3.33 0.09
081203A 1.40 0.10
081224 2.92 1.44
090131 2.04 0.50
090219 17.00 28.24
090222 5.65 0.04
090319 0.52 0.02
090324 1.29 0.001
090326 3.75 0.02
090410 0.80 0.06
090418B 0.75 0.12
090516 1.61 0.04
090516B 0.87 0.13
090618 1.12 0.32
090620 2.00 0.24
090709 0.75 0.18
090715B 0.10 0.04
090904B 0.53 0.62
091010 251 0.04

Table 6.3: Comparison of the derived upper limit with the esinated count rate derived
using the available spectral information
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Chapter 7

Analysis and results from
Fermi/LAT

The upper limit analysis performed within the AGILE collabaation were done also with
the LAT data. Estimating the signi cance of non-detectionsof GRB emission by the LAT,
as by AGILE, may play an important role in understanding the ntrinsic GRB spectra.
The relatively low LAT detection rate of high energy emissio from GRBs may be an
hint of a deviation from the pure extrapolated power law predted by a simple "Band"
function.

As presented in chapter 4 the LAT e ective areais 10 times larger than the AGILE
e ective area, so LAT is more sensitive to the fainter -ray sources; indeed Fermi detected
12 GRBs so far, instead AGILE only 3 (with an year data more tha Fermi/LAT). A
contribution to this higher number of detected GRBs is the pesence of the Gamma-ray
Burst Monitor (GBM) on board of the Fermi satellite.

The primary objective of GBM is to extend the energy range ovewhich bursts are
observed downward from the energy range of the LAT into the hd X-ray range where
extensive previous data exist. A secondary objective is t@mpute burst locations on-
board to allow re-orienting the spacecraft so that the LAT ca observe delayed emission
from bright bursts. GBM uses an array of twelve sodium iodidescintillators and two
bismuth germanate scintillators to detect -rays from 8 keV to 40 MeV over the full
unocculted sky [4].

From the beginning of the science operations to the end of @dter 2009 LAT detected
12 out of the 166 GRBs in its eld of view triggered by the GBM. A can be seen from
g. 7.1 there are no preferred sky direction for the detectio

This rate is similar to the EGRET detection rate within the respective elds of view
in agreement with the pre-launch predictions [228] of 1 burgvery 2/1 months. These
predictions were made assuming that the emission componestbserved in the 10-1000
MeV band in the BATSE bright population, continues unbrokeninto the LAT energy
band.

The upper limit LAT analysis is still on an early stage. Herets status will be presented
with some preliminary results. The spatial event selectioms done according with the
energy dependent Region Of Interest (ROI) as it is shown in g4.16: for higher energies
the radius on the ROI decreases because a better resolutidihe direction of the incoming
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Figure 7.1: Localization of the GMB and LAT detected GRBs.

photons is expected. The minimum energy of the events is cleosto be 100 MeV, because

the

instrument response function is not well known under tisi energy. To avoid the

contamination from the albedo photons a cut on the incominghmton zenith angle is set
to 105. The class of events from the reconstruction algorithm dechted to the GRB is

the

so called \Transient" (see 4.2.3), this class of events provide a large e ective area

(shown in g. 4.14), but the residual background rate is higér than in the other classes.
The fraction of background events does not dominate the sighevents if small time
intervals around the trigger time are analyzed, but becomasore important when larger
time intervals are selected because the signal rate decresis

To take into account properly the background rate a collabation tool is used. This
tool provides the expected background for the ROI and the timinterval analyzed. The
background is estimated for any part of the celestial spherand in 30 energy bins from
100 MeV to 300 GeV logarithmically spaced. The estimation isased solely on properties
of the LAT backgrounds extracted from real data and it is the sm of a cosmic-ray and
a gamma-ray component:
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the rst component estimation initially involves the calcuation of the all-sky cosmic-
ray rate, for each second of an observation, and for the loga of the spacecraft at
that second. Then, the amount of cosmic-rays from each ditén of the celestial
sphere is estimated using the theta and phi distributions afosmic rays (calculated
from real data) as probability distribution functions.

The second gamma-ray component is estimated by multiplying pre-calculated
map that contains the amount of gamma-ray background per unof exposure by
the exposure of the observation under consideration.



At this stage of the analysis, four methods are under evaluan to nally derive the
upper limits. They are divided into two groups: unbinned likelihood analysis and counting
analysis. The former methods will give more constraining yger limits, but these will only
be reliable for cases where the burst localization is veryagate. The latter methods will
be less constraining in general, but they will also be lessnséive to errors in the burst
location. One of the two counting methods is the Helene metteexplained in chapter 5
and developed in this thesis while the other is the Feldman dnCousins method [219].

In the unbinned likelihood analysis, the burst is treated as® point source at the
best location. The expected distribution of counts is modedl using the energy-dependent
LAT PSF and a power-law function for the underlying spectrum An isotropic background
component is included in the model, and the spectral propees of this component are
derived using the background estimator tool. For maximum kelihood ts, con dence
intervals can be determined using the pro le likelihood métod [229]. This entails scanning
in the parameter of interest, in this case the ux, while maxinizing the log-likelihood,
log(L), with respect to the other free parameters of the model. Thavo methods that
uses the unbinned likelihood analysis di er one from the otr for the treatment of the
low uxes: one use a Bayesian approach with the insertion of@ior knowledge function,
instead the other has a fully frequentist approach and no liits on the source ux are
imposed. Since there are cases where the burst ux in the LATand will be weak or
zero, the maximum likelihood value of the source ux may aciily be negative owing
to downward statistical uctuations in the background courns. Because the unbinned
likelihood function is based on Poisson probabilities, inhe Bayesian approach a prior
is imposed that requires the source ux to be non-negative. his is necessary to avoid
negative probability densities that may arise for measuredounts that are found very
close to the GRB point-source location because of the shagss of the PSF. Given the
prior of the non-negative source ux, the resulting likelilmod function can be treated
as the posterior distribution for the ux parameter. In this case, an upper limit may
be obtained by nding the ux value at which the integral of the normalized likelihood
corresponds to the chosen con dence level [230]. Insteadtie frequentist treatment for
a 68.3% con dence interval the 2 =1 or (log( L)) =0:5is taken.

These four method must be tested to understand their coveragnd their sensitivity:
the method which provide the deepest upper limit guaranteeg the chosen 95% of coverage
will be used to give the nal results. Some simulations are pduced to compare di erent
UL methods at di erent source ux level in terms of coveragethe percent number of times
that the true ux is below the upper limit) and shape of the oveall UL distributions. The
simulations have do not have the purpose to test the backgrod model used and how this
a ects the UL computation; in these simulations the backgrond component is perfectly
known. Four cases with di erent relative uxes are simulate: the background ux could
be 1,2,3 or 5 times the burst ux, then for each case two time farvals are simulated:
100s and 1000s. The set of the simulated burst charactercdiare the following:

sky position: 350.0, -63.0 (RA, DEC) which corresponds to 9225, -51.13 (L, B);
location respect the spacecraft: on-axis;

assumed index for the source spectrum: -2.2
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Some results from the simulations are shown in gg. 7.2, 7.3n these gures the
calculated upper limits are plotted for each of the 5000 sintations done. In the case the
computed 95% interval is not compatible with zero also the Veer limit is plotted. The
red dash-dotted line is the simulated true ux of the burst.

Figure 7.2: Results for the Helene and the Feldman and Cousimethods from the 5000
simulations in the case of 100s and background ux 3 times theource ux.

Figure 7.4 shows the coverage for the four method as a functiof the background
ux for all the simulations with 100s. As a preliminary discission on the coverage it
seems that the Pro le method largely undercover the requitecon dence level. But other
studies are on-going on these methods and any decision is teten yet.

As a preliminary result from this analysis the upper limits ér a sample of burst are
computed. The sample is called the \Golden Sample”, becausecompiled with some of
the brightest GBM bursts, the requirements for these burstare to have a registered rate
in the BGO detectors of at least 70 counts/s and be within the AT eld of view. These
events, which were bright in the BGO bandpass but nonethelesvent undetected by the
LAT, comprise likely candidates for evidence of spectral cvature above 40 MeV. A
subsample of the \Golden Sample" is listed in table 7.1 whicteports also their spectral
parameters: normalization, peak energy, alpha and beta. Thsubsample comprises the
bursts of the \Golden Sample" that have a complete spectralraalysis of the GBM data.

In gures 7.5, 7.6 for each burst listed above, exept the onegthout , the GBM ux
and the LAT expected ux (extrapolating the spectrum from the GMB energies to the
LAT energies) are plotted (black dots) with their errors (gey triangles). For comparison
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Figure 7.3: Results for the likelihood methods (Bayesian dnPro le) from 5000 simula-
tions in the case of 100s and background ux 3 times the souraex.

GRB Name Normalization E, (keV)

090626 0.0413 180 -1.29 -2.27
090623 0.0089 366 -0.59 -2.32
090620 0.0673 154 -0.30 -2.53
090528B 0.0215 180 -1.09 -2.29
090305B 0.0149 898 -0.51 -

090131 0.0424 58 -1.19 -2.29
081231 0.0137 232 -1.07 -2.26
081224 0.0462 419 -0.71 -

081223 0.1108 125 -0.26 -2.19
081207 0.0095 429 -0.67 -2.11
081122 0.0286 208 -0.69 -2.32
080925 0.0231 137 -0.98 -2.22
080906B 0.1765 149 -0.49 -2.28

Table 7.1: A subsample of the \Golden Sample" with the specit parameters listed.

with the LAT expected ux also the upper limits from three methods are shown (the
colored triangles).
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Figure 7.4: coverage for the four method as a function of theabkground ux for all the
simulations with 100s.
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Figure 7.5: LAT expected ux versus GBM ux (black dots) with their errors (grey
triangles). The colored triangles are the preliminary uppelimits from three methods.
The computations are done in a time bin of 30s.
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Conclusions

The Gamma Ray Bursts were rst discovered by the Vela satetés in 1969. Since then
many discoveries were made, but still there is no solution dhe GRB progenitors and
the emission mechanisms that can produce high energy phosoap to tens of GeV. The
BATSE detector on board of the CGRO satellite was dedicatedotthe deep study of the
GRBs. Because of the high number of GRB detected by BATSE, pafation studies were
possible. One of the major discoveries was the bimodal disttion of the time duration
of the prompt. GRBs are classi ed as short if their prompt duation is less than 2s
and long otherwise. The high energy detector EGRET was alsam doard of the CGRO
satellite. It detected 5 GRBs with energy> 50MeV together with BATSE. Two important
discoveries were made: a very late emission of high energymns (up to 90mins) in the
GRB 940217 [97] and a spectral extra component at energieslO0MeV lasted for more
than 200s in the GRB 941017 [100]. Both these properties areonsistent with a pure
electron synchrotron model.

More recently, also the Astro-rivelatore Gamma ad ImmaginLEggero (AGILE) de-
tected three GRBs with energy> 30MeV: 080514B [134] with a high energy delayed
component, 090401B [135] and 090510 [136] which shows areredéd high energy emis-
sion.

The Fermi/LAT instrument has an e ective area 10 times large than the EGRET one
and together with a larger eld of view and a smaller dead timét collects more statistics
to perform a detailed temporal-spectral analysis [3]. Thegssibility to re-point itself
autonomously when a bright GRB happens and the synergy witthe GBM instruments
dedicated to the GRBs monitoring, make the LAT a perfect insument to investigate the
problems opened by EGRET on the GRB high energy emission. lie rst 15 months
of science operations more than 300 bursts were detected twthe Gamma-ray Burst
Monitor also on board of the Fermi satellite. Among those, 1®ere detected also by the
LAT instrument, both long and short with at least 10 photons> 100MeV, but only few
GRBs have also photons at energies 1GeV.

Many GRBs happened inside the eld of view of both AGILE and LA, but there
were not detected by these instruments. To understand the (GRemission mechanisms,
also a non detection could be useful particularly to constia the upper band of the GRB
spectrum. After the sieve of some methods a Bayesian methodsmchosen and tested: it
was proposed from Helene in [223] and [5]. This Bayesian methwas selected, instead
of the frequentist one (Feldman & Cousins), because of theuslies on the coverage and
because in the frequentist approach the physical limits ohe ux are irrelevant, while
this physical information is used in the Helene calculatian

In the AGILE energy range above 30 MeV and till 3 GeV, the estisted GRB ux
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upper limits using the method proposed range between 110 3 and 1 102 ph st
cm 2. Instead the Fermi/LAT preliminary ux upper limit derived in this thesis in the
energy range 100 MeV - 300 GeV is roughly 510 °® ph s * cm 2. These values put some
strong constraints in the high energy emission models.
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