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PREFACE

The International School of Space Science (ISSS), has been established since 1990
in L'Aquila (Italy) by the Conzorzio Interuniversitario per la Fisica Spaziale (CIFS) in
cooperation with the Scuola Superiore Guglielmo Reiss Romoli (SSGRR). The aim of the
School is the organization of courses, for a limited number of attending young scientist, on
the different aspects of the space activities; previous courses addressed respectively :

1992-Ultraviolet and optical astronomy from space; 1993-Solar system plasma
physics; 1994-X-ray astronomy; 1995-Physics of planets and planetary environments;
1996-Space Science from the space station; 1997-The sun as seen from space; 1998-3K
cosmology from space, 1999-High resolution observation in astronomy;  2000 Sun Earth
connection and space weather.

The 2001 Course of the International School of Space Science was held from
August 30

th 
to September 7

th, 2001 at the Scuola Superiore "Guglielmo Reiss Romoli"
near L'Aquila on Astroparticle and Gamma-ray Physics in Space and referred to the
study of the fundamental laws of the Nature through the observation of the most energetic
events in our Universe by the detection of cosmic rays and gamma rays from space. This
field is now emerging as a very stimulating and active one and it is complementary to the
particle physics done at accelerators, underground, and on mountain laboratories. Its main
focus is the study of theoretical items concerning dark matter, cosmic ray origin and
propagation, gamma ray sources in the Universe and on the related balloon and space
experiments. The vitality of the field is witnessed by the large number of experiments in
progress and planned, like the balloon experiments CAPRICE, BESS, ISOMAX, HEAT,
the space experiments PAMELA and AMS for antimatter cosmic rays detection, ACE and
the planned ACCESS for nuclear composition, NINA, SOHO and SAMPEX for the study
of Solar Energetic particles and low energy cosmic ray composition, AGILE and GLAST
for gamma rays, EUSO for the extreme high energy cosmic rays. Moreover, since this
field needs the use of advanced technologies both on earth and on space, it is a field where
advanced research meets advanced technological industries with very fruitful exchange and
offers a chance to involve small and medium high-tech enterprises in a joint discussion on
the technology exchange between space research and space industries.



x

The credit for the scientific success of the Course mainly goes to the students, with
their active and stimulating participation and to the speakers for their effort in presenting
clear and deep talks, for their presence during almost all the period of the school, for their
availability to answer questions and to participate in discussions also outside the
"canonical" time and for supplying their written contributions within the very tough
schedule decided to have a very update reference book. Also we have to thank the Director
of the International School of Space Science, Umberto Villante, for all the support and
suggestions, all the staff of the Reiss Romoli for their professionalism and kindness, our
secretariat staff Gabriella Ardizzoia, Paola Solini and Simona Martana, our sponsors:
INFN - Istituto Nazionale di Fisica Nucleare, ASI - Agenzia Spaziale Italiana, University
of Roma “Tor Vergata”, University of L’Aquila, Area di Astrogeofisica, Regione
Abruzzo, Comune dell'Aquila and Alenia Spazio; Liù Catena and Anna Minella for her
help in the preparation of the Course, Luigina Invidia and Andrea Lionetto for the help in
the editorial procedure.

The book is available in electronic format in
http://www.roma2.infn.it/infn/aldo/ISSS01.html

February 2002 The Editors
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International School of Space Science - 2001 Course on
Astroparticle and Gamma-ray Physics in Space, L’Aquila (Italy), 30/8 - 7/9, 2001

BALLOON EXPERIMENTS

Piero Spillantini
INFN & University, Firenze, Italy

ABSTRACT

This lesson deals with the balloon borne experiments dedicated to the direct
measurement of cosmic rays before their interaction with the terrestrial atmo-
sphere, and the perspectives of the ballooning technique in the next future. I
will adopt the following scheme:

• (1) - Direct detection of cosmic rays:

– (1.1) a short introduction

– (1.2) experimental peculiarities

• (2) - Ballooning: the technique.

• (3) - Main observation items by balloon borne experiments:

– elemental composition and spectra;

– isotopic composition and spectra;
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– particle spectra;

– antiparticle spectra;

– search for antinuclei;

– high Z (>Fe) nuclei;

• (4) - The future: Ultra Long Duration Balloon (ULDB) flights.

1 Direct detection of cosmic rays.

1.1 A short introduction

The main problems afforded by the studies of cosmic rays are:

• 1. Identification and study of their sources;

• 2. Propagation and acceleration processes in the Galaxy.

Both 1. and 2. reflect the physical characteristics of different physical objects,
such as our Sun, super-novae, and extragalactic objects. Therefore the cosmic
ray study can be considered part of the Astrophysics, and it is called ”Particle
Astrophysics”. It bridges between Astrophysics and Physics of nuclei and of
elementary particles.

In the nuclear physics and particle physics the experiments are generally
conducted by using particle beams that, produced and accelerated by accelera-
tors, hit a target. The object of the experiments is the study of the interaction
in the target by the detection, identification and parameter measurement of
the particles produced in the interaction.

In the particle astrophysics the characteristics of the interactions of the
cosmic particles in the Galaxy and in the terrestrial atmosphere are borrowed
from the nuclear physics, and the object of the study is the creation and accel-
eration of the particles in the sources, their injection in space, their propagation
in the Galaxy, their possible further acceleration during the propagation and
their interaction with the solar magnetic field in entering our solar system: in
one word, the object of the study is the cosmic accelerator and its beams.

Cosmic rays can be studied either outside the atmosphere, by satellite
borne or balloon borne instruments (direct detection), or on the Earth surface,
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by studying the characteristics of the particle showers by them produced in
the atmosphere (Extended Air Showers - EAS technique). The most penetrat-
ing components (µ and ν) can penetrate the Earth surface, and are therefore
studied by underground, or under-ice or underwater experiments. These three
detection techniques (direct detection, EAS and under-’Earth’ experiments)
are the research means of the Experimental Particle Astrophysics (Fig.1)

Figure 1: The study of cosmic radiation and the definition of the Particle
Astrophysics experiments.

As it is well known, the spectrum of cosmic rays spans many decades
of energy, arriving to more than 1020 eV, and the flux decreases with energy
according to a power law with an exponential index that is roughly the same
at all the energies, about -2.7 up to 3 × 1015 eV and -3.0 up to 5 × 1018 eV,
and again -2.7 afterwards (Fig.2)
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Figure 2: Energy spectrum of cosmic rays as a function of the KE/nucleus

In the energy region where the different components of the cosmic rays
can be identified (i.e. up to about 1015 eV/nucleus), all the primary compo-
nents (i.e. those not affected to much by the production of secondary in the
interaction of the cosmic particle with the interstellar matter) have the same
spectral index of their energy spectrum.

1.2 Primary cosmic rays: experimental peculiarities

There are several peculiarities of the primary cosmic rays that must be taken
well in consideration, and in general make somewhat complicated their study:
• The value of the spectral index is very high, between 2.7 and 3.1, what
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makes their flux rapidly decrease with increasing the energy. Therefore the
measurements of the fluxes of the very high-energy cosmic rays are very difficult,
mainly in space (see again fig.2)
• The flux of protons dominates all the other fluxes, so that the study of the
other components, specially of the more rare and often more interesting ones,
requires complex detection systems. At energies up to some tens TeV, protons
constitute about 90% of the total particle flux, and the rest is dominated by
helium nuclei by the same proportion, leaving to all the rest (nuclei with Z ≥ 3,
electrons, antiparticles) not more than 2% of the total flux (Fig.3).

Figure 3: Relative abundance of nuclei in cosmic rays as a function of their
nuclear charge
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It must at this point underlined that the detailed knowledge of the spec-
tra of the many isotopes of the cosmic rays is very important for understanding
their origin, acceleration, injection processes and diffusion in the Galaxy. Sev-
eral of them are beta-radioactive (10Be, 14C, 26Al, 36Cl, 54Mn) and can give
information on the duration of their storage in the Galaxy. Many others un-
dergo an electron-capture decay (41Ca, 44Ti, 49V, 51Cr, 53Mn, 55Fe, 57Co, 56Ni,
59Ni) and can inform us on the elapsed time between their synthesis inside the
stars and their acceleration. Finally there are rare isotopes (13C, 18O, 34S, 38A,
54Fe, 58Fe, 60Ni, 62Ni) that can give us information on their synthesis processes.
In spite of their extremely tiny flux most of these isotopes can be experimen-
tally observed, provided that it could possible fly on top of the atmosphere and
for enough long time a large acceptance highly selective instrument. It was
the case of the LISA instrument selected for the cosmic ray facility ASTRO-
MAG offered about 15 years ago by NASA on board of the FREEDOM Space
Station. In fig.4 it is shown the capability that LISA had to have for a deep
investigation on the nucleosynthesis, acceleration and diffusion of cosmic rays.
When the Space Station FREEDOM was cancelled by USA in 1991, and with
it its onboard facility ASTROMAG with its selected experiments (SCINATT,
LISA and WIZARD) most of the above mentioned items have been left until
now unexplored.
• When created and afterward accelerated, the cosmic ray does not reach
us along a straightforward path, but slowly diffuses through the electromag-
netic fields filling the Galaxy. The bulk of the cosmic ray flux, around one
GeV/nucleon in kinetic energy, reaches us from regions distant up to a few
hundreds parsec from the Earth, what means that by their observation we can
explore a small fraction of the volume of the Galaxy, less than one percent.
The cosmic rays coming from regions near the centre of the Galaxy can prevail
at energy exceeding 100 GeV/nucleon.
• For entering the Galaxy and reach the Earth, the galactic cosmic rays must
win the solar wind, i.e. the wind of the low energy particles flowing out from the
Sun. These flowing particles are charged, and produce a magnetic field whose
intensity decreases with the distance from the Sun. Therefore the cosmic ray
undergoes the ’bottle effect’ that decreases the longitudinal momentum of the
particle approaching the Sun. If its momentum is not enough high, at some
point the longitudinal component reverses its sense, and the particle keeps

154



105

104

103

102

10

1
 Be    B    C    N    O    F   Ne Na Mg  Al   Si    P    S      Cl     Ar     K         Ca      Sc     Ti        V       Cr       Mn    Fe      Co      Ni      Cu  Zn

41Ca       44Ti       49V     51Cr  53Mn 55Fe 57Co 56Ni 59Ni

10Be      14C       26Al             36Cl 54Mn

13C         18O                   34S            38Ar                54Fe 58Fe     60Ni 62Ni

LISA project for Astromag: Events/3years (80% duty cycle, 50% losses)

“rare” isotopes:

Nucleosynthetic origin of CR
Beta-decay:

storage time in the Galaxy

Electron capture: 

time delay between nucleosy.
and acceleration

Figure 4: Events/3years foreseen to be observed in the LISA experiment that
was selected for the ASTROMAG facility of the cancelled Space Station free-
dom.

to travel away from the Sun. At the Earth orbit the flux of the low energy
galactic cosmic rays is greatly reduced, and their registered energy much lower
than that they had in the interstellar space. This phenomenon, known as ’solar
modulation’, affects all the galactic cosmic rays up to energies of the order of
10 GeV/nucleon. The solar modulation makes necessary to introduce in the
fluxes and energy measurements not negligible corrections whose uncertainty
prevails on the statistical errors at energies below one GeV/nucleon. During the
period of greater activity of the Sun the flow of its wind, and the on it ’frozen’
magnetic field, is more irregular, and the effect of these irregularities on the
incoming galactic cosmic ray strengths the solar modulation effect. Therefore
the flux of the galactic cosmic rays reaching the Earth varies with the 11 years
cycle of the solar activity, from a minimum when the Sun is more active to a
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maximum, about two times higher, when the Sun is quiet.
• The particle approaching the Earth are swept out by its strong magnetic field.
At the equator the incoming particle must have more than 7 GeV/nucleon to
reach the terrestrial surface. Since the Earth magnetic field is a dipole, with
its axis roughly aligned with the Earth rotation axis (in effect it is inclined
of about 11 degrees respect to the rotation axis) and going roughly through
its geometrical centre (it passes at about 300 km from it), the strength of the
terrestrial magnetic field decreases near the geographical poles, where also low
energy particles are admitted to reach the terrestrial surface. For this reason
the balloon borne experiments must take in account the latitude at which to
perform the experiment, and the satellite borne experiment of the inclination
of the orbit of the satellite respect to the equator.
• For the satellite borne experiments, it must also be considered the fact that
the dipolar structure of the Earth magnetic field traps most of the particles
originated inside its volume, either for interactions or by decay (for example
the decay of neutrons). Protons are mainly trapped between one and two
terrestrial radii of distance from the Earth surface (’Inner radiation belt’) and
electrons at more than three terrestrial radii with an intensity still very high
at more than six radii (’Outer radiation belt’). These belts are quite wide,
but their intensity is reduced in the side of the terrestrial surface due to the
interactions of the belt particles with the residual atmosphere still present up
to several hundred km of altitude. Satellites must therefore occupy orbits
relatively low in altitude (up to 1,000-1,500 km on the terrestrial surface), but
not so low, not less than 300-400 km on the terrestrial surface, for not be braked
by the terrestrial residual atmosphere. Furthermore, because of the relatively
small distance of about 300 km between the magnetic and rotation axes of the
Earth, the radiation belts are not centred on the rotation axis of the Earth, so
that their distance from the terrestrial surface decreases in the region between
the African and South American continents. When the satellites pass over this
region (known as ’South Atlantic Anomaly’) their electronic devices are subject
to an intense radiation and the instruments must be switched off.
• Finally the last, but not least, peculiarity. For the incoming particles the
terrestrial atmosphere is very thick, equivalent to 23 radiation lengths for the
electromagnetic interactions, 17 collision lengths for the hadronic interactions,
and 11 interaction lengths for the inelastic hadronic interactions. In the at-
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mosphere the incoming particle interacts and is immediately lost. However, if
its energy is enough high, it can produce other particles, and indeed, if also
these have enough energy, a shower of particles, where the number of particles
progressively increases up to a maximum, afterwards each one of the produced
particles has not enough energy to continue the production and is lost.

On the Earth surface only the tail of the showers produced by the very
energetic cosmic rays (more than several TeV/particle) can be registered, and
for studying the bulk of their shower is necessary to locate very large area arrays
of detectors [Extended Air Shower (EAS) detectors] at high altitude on the sea
level. There are many of such arrays all around the world. The highest on the
sea level are those in Yangbajin (Tibet) and in Chacaltaya (Bolivia), and the
largest one AGASA in Japan. A much larger array, covering about 3,000 km2,
is under construction in Argentina, and an analogous one is foreseen in the
Utah desert in USA (AUGER project). The EAS detectors supplied us with
all the information we have until today on the galactic cosmic rays of energy
more than 100 TeV/particle.

With the EAS registration technique we can measure the energy spectrum
of the incoming particle, and, registering the number and density of electrons
and muons in the shower, we can also distinguish between electromagnetic and
hadronic showers, but nothing sure can be said on the kind of hadronic particle
that initiated the shower. For identifying the particle it is necessary to oper-
ate the experiments on the top of the atmosphere, before the first interaction
of the particle with the atmosphere, either in orbit or on board of balloons.
Balloons can reach an altitude of about 38-40 km, where the residual atmo-
spheric pressure is less than one percent of the sea level one. As we will see
in next paragraph, the duration of balloon experiments cannot exceed, until
nowadays, a few days. The energy that the balloon borne experiments can
reach depend from the particle to be observed, and is limited by its flux, that
decreases by a factor between 50 and 100 for each energy decade. For protons,
balloon borne experiments can reach a few TeV. Higher energies, up to a few
hundreds TeV/nucleus, are reached in relative long duration repeated flights
of the same balloon borne instrument. For more rare components (antiproton
and positrons) the maximum reached energy does not exceed 50 GeV, while
isotopes cannot be identified at more than a few GeV/nucleon, as it will be
later discussed. Until today nearly all the observations of cosmic rays of en-
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ergies between about one GeV/particle up to a few hundreds GeV/particle
were performed by ballooning, and there were only a few observations made on
board of satellites.

Below one GeV/particle the observations by balloon borne experiments
become very difficult because of the above-mentioned limitations due to the
reduction of the fluxes by the solar modulation and the terrestrial magnetic
field. The experiments must indeed be installed on board of satellites or of in-
terplanetary probes, either for profiting of the long duration of the observations
or for avoiding the screen due to the terrestrial magnetic field.

2 Ballooning: the technique.

The technique for constructing and operating balloons is not simple. A ’sci-
entific’ balloon (i.e. a balloon useful as vehicle for performing scientific exper-
iments) is constituted by a very thin sheet (a few tens of microns of Mylar)
that divides two gasses: the gas filling the balloon (usually helium) and the
outside atmosphere. For the largest balloons the area of this sheet is a few
hundred thousand square meters, and must be immune from holes at the level
of a mm2. The sheet is subdivided in sectors, glued to strong long strips that
must support the services and the instrument, and also all these junctions must
be immune from leakage at the same level of a mm2 along the several km of
total length of the junctions. Last difficulty: such big balloons cannot be tested
before to be used, and only a few industries can produce them with a reason-
able success rate. The so-called ’class A’ balloons filled with helium gas reach
a volume of 2.8 million of cubic meter at 5g/mm2 of residual atmosphere and
have a total lifting power of about 11 t, of which 5 t for the material constitut-
ing the balloon, 3 t for the services (parachute, etc..) and 3 t dedicated to the
instrument.

A balloon-craft is indeed a quite big and complicate machine, difficult to
be handled because of the huge dimensions (see in fig.5 the typical dimensions
of a 1.0 million cubic meter balloon) and its total mass; only a few crews in the
world are able to handle the biggest balloons. The crew which launches the
balloons is formed by more than 10 specialists that must spend a few months on
the launch field, usually in desert regions (the balloon must obey severe rules
for what concerns its trajectory and the landing of the instrument, in order to
avoid damages to people and things). Launch operations on the field require
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Figure 5: Geometrical dimensions of a 1 Million cubic meter balloon of the
National Scientific Balloon Facility of NASA.

the use of a few heavy trucks, either for the bottles of helium gas or for the other
services, a special heavy truck for holding the instrument high on the ground
before its release (the release is allowed only when the balloon begins to pull
perpendicularly to the ground, in order to avoid that the instrument hurts the
ground before starting to ascend), an airplane for following the balloon-craft
along the flight trajectory and a helicopter to recover the instrument after the
flight. Therefore the launch of a big balloon is not a cheap affair, and costs
more than half million of dollars, not taking in account the about 200 thousand
dollars needed for the balloon.
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The sheet of Mylar dividing the helium from the atmosphere is not enough
strong for supporting differences of pressure between the two gasses; therefore
the balloon is much more similar to a mongolfier than to a usual stratospheric
balloon. Its bottom is open in order to leave the helium exit when the helium
volume increases due to the increasing of the external temperature. In the
night the volume occupied by helium decreases, the balloon shrinks and begins
to fall. To recover the altitude a quantity of material (small balls of lead) must
be released in order to do the balloon to recover its altitude. The quantity
of material to be released (named ’ballast’) is about 10% of the mass of the
instrument, therefore not negligible, and conflicting with the other massive
components to be carried, as for example the batteries supplying the electric
power to the instrument. This is one of the reasons why the flight duration of
the biggest balloons cannot exceed one or two days. Other limitations to the
balloon flight duration are constituted by the speed and direction of the high
altitude wind transporting the balloon at its floating altitude. The speed of the
wind must be very slow in order to keep the balloon at a distance of not more
than 800-1,000 km from the operation site, and speed and direction must be
such to guarantee that the balloon does not invade forbidden areas. This put
limits on the periods useful for the launch: the crew must wait for inversion of
the direction of the high altitude wind, what happens only two times a year
and during a short period of a few weeks.

Part of the above limitations can be overcome launching the balloon at
very high latitudes in the ’polar summer’, in manner that the balloon will be
always illuminated by the Sun avoiding the discharging of the ballast each 24
hours. Because of the constant flow of the high altitude wind the balloon makes
a circular path, returning to the launch zone (Fig.6).

This is in effect possible, and several balloon borne experiments have been
made either in the Antarctica continent or starting from the most northern
part of Scandinavia, with duration of 10 or more days. However this kind of
launches is very difficult for the ambient conditions, very expensive for the
involved resources, and limited to relatively low mass instruments of only a few
hundreds kg and not requiring much electric power.

An intense R&D activity is undergoing for producing ’closed’ balloons,
i.e. balloons that contain the filling helium and support the pressure variations
when the Sun’s illumination changes. The material constituting the balloon
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Figure 6: Circular path of the balloon in the Antarctica.

surface is a complex multi-layer, and the requirements concerning the absence
of holes is also more stringent than for the open balloons. Such balloons should
navigate around the Earth at constant latitude transported by the winds that
steadily circulate from West to East, and should stay at the floating altitude
for many weeks, hopefully for three or more months [this ballooning program is
named ”100 days ballooning”, or also ”Ultra Long Duration Balloon (ULDB)
flight” program]. For using such balloon crafts, the instrument must be much
more complex than for the nowadays flights, and must include solar batteries
for producing the needed electric power, powerful mass memories on board, use
communication satellite nets for the control and the data downlink, etc.., and
must have many other of the features of a satellite borne instrument.

3 Main observation items by balloon borne experiments.

Before describing the most important observations made by balloon borne ex-
periments, let me give a didactic scheme of the ’jargon’ used for the measure-
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ments in cosmic rays experiments:
• The flux of particles is usually differential in the kinetic energy of the particle
(usually in MeV), the solid angle (in sr) and the area (in cm2) on which the
instrument accepts the particle, and the time (in s).
• The acceptance of the instrument is expressed in cm2sr and it is called
Geometry Factor, and indicated by GF.
• The acceptance multiplied the time gives the ’Exposure’, that is indeed ex-
pressed in cm2 × sr × s.
• The Maximum Detectable Rigidity (MDR) is the rigidity R at which the error
∆R in its measurement is equal to R; it is expressed in GV/c. For particles with
unitary charge the MDR is identical to the Maximum Detectable Momentum
(MDM) that therefore results expressed in GeV/c.
• The results of the measurements are usually expressed by the differential
flux of the observed particle as a function of its kinetic energy. However the
adjective ’kinetic’ is often omitted. When convenient the differential flux is
integrated on one or more of the differentiating variables, as for example on
the GF, or on the exposure, or on the energy. When integrated on the energy
we obtain the integral spectrum, giving the total flux of the observed particle
integrated from the considered energy up to infinity. At high energies, where
the nature of the incident particle cannot be identified, the energy reported in
the abscissa is that of the particle, and indicated as energy/particle, when we
do not know nothing about the particle, or energy/nucleus when we know that
the particle is a hadron, i.e. not an electron or a γ or a ν . At lower energies,
when the particle is identified, the fluxes can be reported as a function of the
energy/nucleon (usually simplified in energy/n) if the particle is a nucleus, or
simply of the energy if it is an elementary particle or a γ or a ν. Often the energy
spectra (either differential or integral) are divided by the unity reported in the
abscissa (energy, or energy/n, or energy/nucleus or energy/particle) elevated
to the index of the energy spectrum in the considered energy interval. This
allows putting in evidence in the plots the variation of the spectral index. For
special cases (such as the fluxes of rare particles or of antiparticles or for the
isotopic composition) the results are expressed by the ratio of two fluxes as a
function of the energy at which the ratio is considered.

The ballooning technique is used in many kinds of scientific experiments,
not only for measuring cosmic rays. In fact most of the balloon borne scientific
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experiments are dedicated to the study of the electromagnetic component of
the radiation reaching the Earth, from the mm wavelengths up to the gamma
ray wavelengths. A number of experiments are dedicated to the study of the
atmosphere, some to the observation of the Earth surface and a few also to
the observation of the Sun. The balloon borne experiments dedicated to the
study of cosmic rays, i.e. the charged component of the cosmic radiation, are
about 20% of the total. A nearly complete list of the most recent balloon borne
instruments, some of them still in use, is reported at the Web address:

http://www.lhea.gsfc.nasa.gov/docs/balloon/instruments.html
The list of the acronyms of the cosmic ray balloon borne experiments flown in
last years or that will soon fly, is reported in fig.7, where the experiments are
subdivided according to the main categories of the afforded physics problems.
In the following subparagraphs I will briefly comment the flown experiments

Figure 7: Main items of the study of charged CR by direct detection

and those which will soon take data, subdivided according these categories,
mentioning also the experiments operated on board of satellites or of space
stations.
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3.1 Elemental composition and spectra.

The experimental observation of very high-energy cosmic rays by their ’direct’
detection before their interaction with the atmosphere is limited by the rapid
attenuation of their flux with the increasing energy. This is the reason why
from the very beginning the observations were made by instruments on board
of Earth satellites, as soon as they were available. However because of their
costs only a few missions could be made, and in the last two decades this
study went on by balloon borne experiments. The balloon borne experiments
SOKOL, MSU and RUNJOB launch their instruments from the Kamchatka
peninsula, at the extreme edge of eastern Siberia, fly for about one week and
recover them in the Volga river region. The JACEE experiment is operated
in Antarctica, with circum-continental flights that last 10, and sometimes 20
days. In order to maximize the GF the instruments of these experiments in-
clude a thin passive calorimeter, where the energy of the shower is measured
by evaluating the number of secondary charged particles produced in the first
interaction of the incoming particle inside the calorimeter. The contribution
of the π0’s is recovered by allowing their gammas to interact in a high Z ma-
terial layer and evaluating the number of electrons and positrons behind. The
sensitive material of these thin calorimeters is either photographic emulsions
or other sensible materials that can be ’etched’ and scanned by a microscope.

The study of the energy spectra and of the chemical composition at very
high energy is very important. The cosmic rays are assumed to be produced and
accelerated in the explosions of supernovae, but this hypothesis alone does not
explain the shape of their spectrum at the knee. In fact beyond the knee energy
the CR spectrum should drop to zero, much faster than it does. Building up the
total spectrum from the spectra measured for each nuclear species should either
to test the ”standard model” normally assumed for the supernovae explosion
mechanism, or to infer new mechanisms of acceleration of the ultra-high energy
CR, or the existence of new sites of production. Furthermore it should allow the
cross calibration with the EAS experiments based on the Earth surface, that
have difficulties to reach (down from the high energy side) the knee energy and
can only give a vague indication of the chemical composition of the primary
cosmic rays originating the showers. The low statistics in the knee region slowly
accumulated by the experiments in the last decades still does not allow to give
valuable indications for solving the above questions.
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This work is still going on, and should receive a significant buster by the
Ultra Long Duration Balloon (ULDB) flight program under development by
NASA and by the ACCESS experiment that NASA propose to install in future
on board of the International Space Station (ISS).

3.2 Isotopic composition and spectra.

The instruments for the measurement of the spectra of isotopes are somewhat
complex for the need of identifying the isotope. The particle momentum must
be measured with a good precision, at the level of a few %, and the velocity
measured by adequate Time of Flight and Cherenkov systems. It is therefore
difficult to have good performance of the instrument at energies above one
GeV/n. The results until now obtained are below one GeV/n, with a few points
at a few (2-3) GeV/n for the lighter isotopes. Unfortunately the models of the
distribution of the interstellar matter and of the sources in the Galaxy give
isotopic spectra very different at energies significantly higher than 1 GeV/n.

The balloon borne instrument ISOMAX was designed and developed for
reaching several GeV/n for the most interesting radioactive isotopes: it had
a powerful and precise superconducting magnetic spectrometer, an optimised
time of flight measurement and several cherenkov counters, and an enough large
GF. Unfortunately this instrument was destroyed by wrong manoeuvres during
the re-entry from the last flight this summer. No other new instruments are
planned for the next future dedicated to the isotopic measurements at enough
high energies, and, as above noted in paragraph 1.2, this field will stay for long
time unexplored by dedicated experiments.

However for the measurement of the lightest isotopes a significant contri-
bution should come from two instruments to be shortly launched in orbit: the
experiment PAMELA of the WIZARD collaboration that will be operated for
three years on board of a Russian satellite starting at the end of 2002, and the
experiment AMS-02 that will be installed on board of the ISS from 2004 and
will also take data for three years. These experiments are optimised for study-
ing the antiparticle components in the primary cosmic rays (see the following
paragraph and the lessons dedicated to them), and the many detectors they
must use for the antiparticle identification will allow to measure the lightest
isotopes up to a few GeV with a good statistics and a low systematic error.
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3.3 Particle and antiparticle spectra and search for antinuclei.

Most of the above mentioned experiments gave results concerning the isotopic
composition as a by-product of the measurement of the CR antiparticle compo-
nents. The subject of reconciling the symmetry of the Universe in its content of
particles and antiparticles as it should result from the standard cosmology and
the presence of only particles in our corner of the Universe moved the cosmolo-
gists for several decades. Shortly after the discovery of the CP violation in the
weak interactions in ’64, Sakharov formulated three hypothesis that were as-
sumed to be a reasonable starting point for explain the apparent contradiction
between the fundamental laws of nature and the observations (see the lesson
”The antimatter component of cosmic rays and the PAMELA experiment” of
this course). Several balloon borne experiments were dedicated to the search
for antiparticles and antinuclei, and in the 70’s the teams of B.Golden in USA
and of E.Bogomolov in Russia identified the first antiprotons in cosmic rays
(the positrons were discovered more than 40 years before by Anderson). Then
the antiproton spectrum was intensively studied for searching for signals ex-
ceeding the background of the antiprotons produced in the interactions of CR’s
with the interstellar matter. The flux of this background is less then 10−6 of
the proton flux at 200 MeV, reaches 2 × 10−4 at 10 GeV, afterwards decreases
to about 10−5 at 1 TeV and continues to decrease at higher energies. Because
of these small ratios of the antiproton to proton fluxes, the identification of the
antiprotons requires the use of a magnetic spectrometer for selecting the neg-
atively charged particles, leaving antiprotons to be separated from electrons,
what is much easier, also because the electrons are much less abundant than
protons. Only in a very old experiment of Buffington at very low energies the
identification of the antiprotons was obtained by the pattern of their annihi-
lation in an imaging calorimeter without the help of a magnetic field. This
experiment gave a result contradicting all the following measurements, proba-
bly for the weakness in the identification of the antiprotons without the help
of a magnetic spectrometer. The present situation for the measurement of the
antiproton on proton ratio is reported in fig.8.

Because of the needed strength of the magnetic field the minimization of
the matter on the path of the particle, and the time of flight and other veloc-
ity measuring instruments for separating the antiprotons from the electrons,
(and in most of the experiments also an imaging calorimeter where to do the
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Figure 8: Antiproton/proton ratio: experimental situation, compared with the
foreseen secondary production in the interstellar medium 1).

antiproton annihilate and be recognized), all the experiments for studying the
antiproton flux have an enough rich instrumentation for giving useful results
in many other channels, such as the measurement of the flux of the positrons
(Fig.9), of the lightest isotopes (as above underlined), of the spectra of the
nuclei (normally confined to the lightest ones because of the limited abun-
dances of the others), of the fluxes of the different products of the interaction
of the primary particle with the atmosphere (registered by someone of these
experiments during the ascension phase from the launch site to the floating
altitude), and of the spectra of protons and helium nuclei up to energies of 1
TeV/n (which can be performed up to so high energies because of their high
fluxes). Finally in fig.10 is reported the situation for the limits reached in the
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Figure 9: Positron/(positron+electron) ratio: experimental situation, com-
pared with the foreseen secondary production in the interstellar medium 2).

search for antinuclei. In the study of positron and antiproton spectra, balloon
borne experiments are limited to relatively low energies (≤50 GeV) by the tiny
fluxes. However they cannot profit neither of the Long Duration Balloon flights
already regularly operated in the Antarctica continent by other experiments,
nor of the future ULDB flight program. There are two difficulties. The first
one is instrumental: the mass of the instrument (always exceeding 1 t) does not
allow the use of such flight occasions. The second one is due to the production
of secondary positrons and antiprotons in the residual atmosphere on top of
the instrument, that cannot be less than 4 − 5g/cm2. The reason for this limit
is the temperature profile of the atmosphere: starting from the terrestrial sur-
face the temperature progressively decreases with the altitude reaching about
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Figure 10: Antinuclei: experimental situation for the antihelium search. In the
figure is reported also the sensitivity foreseen for the PAMELA experiment.
The AMS-02 experiment foresees to reach a sensitivity of about 10−10, i.e. two
order of magnitude lower than that of PAMELA.

−800C at about 20 km, afterwards it increases again for reaching about 00C

at 40 km, that is the altitude reached by the balloons used for the study of
the antiparticle component. At altitudes higher than 40 km the temperature
keeps again diminishing, preventing the balloon to further rise because of the
shrinking of its volume with the temperature.

Also for this the working group appointed about twenty years ago by
NASA for constructing a program for cosmic ray research for the years 1985-
1995, advised that these experiments should be performed in orbit. For this
research it was selected the above mentioned WIZARD experiment to be con-
ducted on board of the FREEDOM Space Station. When the FREEDOM
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Space Station was cancelled, the WIZARD collaboration formed at that time
for this experiment begun to operate to bring anyway it in orbit. After sev-
eral launches of balloon borne experiments, the collaboration afforded the con-
struction of the PAMELA experiment. The PAMELA instrument is now under
construction and will be launched at the end of 2002 from the Baikonur cos-
modrome on board of the REUSURS-DK1 Russian satellite. It will measure
the antiproton spectrum up to 190 GeV and the positron spectrum up to 270
GeV, in order to search for signals exceeding the background of the secondary
production. Because PAMELA is equipped by several sophisticated detectors,
it will give many other by-product results in the channels mentioned in the
previous paragraphs. A bigger instrument, the AMS-02 spectrometer, will be
installed in 2004 on board of the ISS. It has a much larger GF and the same
detector set than PAMELA. The main goal of the AMS-02 experiment is to
hunt for antinuclei (until now there are only upper limits for their flux), but it
will also measure the antiproton and positron fluxes in an energy range similar
to that of PAMELA and give similar by-product results.

3.4 High Z (>Fe) nuclei.

The search for the high Z nuclei beyond iron (which is the last element that
can be synthesized inside the stars) is important for understanding the violent
astrophysical phenomena where these nuclei are synthesized. However their
study is extremely difficult, either for the technical difficulty of measuring the
value of very high electrical charges, or for the extremely tiny fluxes of these ions
at any energy, several order of magnitude lower than those of the iron nuclei.
The most important group to be studied is that of the actinides, because their
flux and their distribution in charge allow to determine the rate of the ’fast
processes’ (i.e. of the supernovae explosions) in the Galaxy. The instrumental
difficulty has been solved in these last years by using suitably doped glasses that
after their exposition to the cosmic radiation can be etched by suitable solvents.
The going through heavy ions damage the material and the solvent produces
in the material holes whose diameter and depth depend from the charge and
the velocity of the going through particle. This technique is somewhat delicate,
and has been set up in the last experiments on board of the Long Duration
Exposure Facility (LDEF, recovered from space by the Shuttle vehicle after
six year of exposition in the space) and of the MIR Space Station. The need
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of recovering the sensible material for the etching and the subsequent analysis
requires that such kind of experiments be located on board of a visitable space
station (as it was the MIR and it is now the ISS) or of a spacecraft that after the
exposition in orbit can be reached by the Shuttle and brought back to ground
(as it was the case of the LDEF). In principle these kind of research could be
made on board of balloons, because the instrument can be recovered after the
flight. However short balloon flights are not very useful because of the too small
exposure, and the only possibility is to expose large GF instruments in ULDB
flights. In fact the experiment selected by NASA for the first demonstration
flight of the ULDB program is the TIGER experiment that will be launched
in 2003 and will study the elemental CR composition beyond the iron up to
calcium. To go beyond calcium also ULSB flights are not enough. For a less
near future NASA foresees to put in orbit two experiments that will fly together
as a unique structure: ENTICE, an electronic experiment that will study the
nuclei beyond the iron up to uranium with a GF of a several m2sr, and ECCO,
based on the above mentioned doped glasses, with an acceptance of several
10m2sr for measuring also the actinides. After several year of exposition in
space of the ENTICE+ECCO complex the sensitive glasses will be retrieved
by the Shuttle spacecraft to be etched and analysed on ground.

Figure 11: The characteristics of the ULDB for the DEMO experiment TIGER
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4 The future: Ultra Long Duration Balloon (ULDB) flights.

The above mentioned ULDB experiment TIGER will be a ’demo’ experiment,
first of a series that NASA has already in its program for the future, with a ca-
dence of two launch per year. The characteristics of the balloon for the ’demo’
experiment are reported in fig.11. NASA therefore is not abandoning the bal-
looning technique for future scientific experiments. Many of the collaborations
conducting the above mentioned balloon borne experiments are presenting pro-
posals for going on in their programs flying their instrument in the framework of
the ULDB program. Proposals have also been presented for the large area IR
telescope PRONAUS, the large solar telescope FLARE GENESIS, an extra-
solar planets finder, all sky surveys for hard X-rays, γ′s (HIREGS), Cosmic
Microwave Background (BOOMERANG). In general the balloons flown in the
framework of the ULDB program will be used by physicists for atmospheric, as-
tronomic and astrophysics researches, by the USA DoD for weapons and other
surveillance systems and by other organizations for commercial services such
as telecommunications and advertising.

It must be underlined that the ULDB program is supported by NASA
also for its technical fallout perspectives beyond the traditional ballooning ac-
tivities. In fact pressurized balloons will be used by NASA either in future
planetary exploration missions for exploring planets and satellites that have an
atmosphere, or for inflatable applications (such as huge trusses, space anten-
nas, huge optical systems, etc...), or for constructing steered ’strato-stations’
that flying to the very high latitude of 30-40 km could be used for experiments,
Earth observation and communication services.

It is like to say as a conclusion that, wherever an atmosphere exists, the
ballooning activity will not die.
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ABSTRACT

The non-thermal supernova remnant (SNR) RX J1713.7-3946 has recently been shown to be a site of
cosmic ray (CR) electron acceleration to TeV energies (Muraishi et al., 2000). Here we present
evidence that this remnant is also accelerating cosmic ray nuclei. Such energetic nuclei can interact
with ambient interstellar gas to produce high energy gamma-rays via the decay of neutral pions. We
associate the unidentified EGRET GeV gamma-ray source, 3EG J1714-3857, with a very massive
(~3_105 Mo) and dense (~500 nucleons cm-3) molecular cloud interacting with SNR RX J1713.7-
3946. Direct evidence for such interaction is provided by observations of the lowest two rotational
transitions of CO molecules in the cloud; as in other clear cases of interaction, the
CO(J=2à1)/CO(J=1à0) ratio is significantly enhanced. Since the cloud  is of low radio and X-ray
brightness, electrons cannot be responsible for the bulk of the GeV emission there. A picture thus
emerges where both electrons and nuclei are being accelerated by the SNR: whereas the relativistic
electrons dominate the local non-thermal radio, X-ray and TeV emission, the shock accelerated CR
protons and ions (hadrons) are exposed through their interactions in the adjacent massive cloud,
leading to the observed GeV emission via the gamma-decay of neutral pions. Such a scenario had
been anticipated by Aharonian, Drury and Völk (1994).
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1. INTRODUCTION

The question over the origin of cosmic rays (CR) has persisted ever since they were first

detected in 1912 by Victor Hess using a balloon-borne electroscope device (Hess, 1912). Despite the

fact that there is now broad consensus that the shocks in the expanding blast waves of supernova

remnants (SNRs) accelerate the bulk of the CR ions up to energies of ~300 TeV per nucleon, and

possibly to even ~10 5 TeV per nucleon (Bell & Lucek, 2001), direct evidence of this scenario has so

far eluded observers. The best way to identify such energetic CR accelerators is to look for the

associated high-energy (>100 MeV) gamma-rays produced at the sources; however, since CR

electrons and nuclei can both generate gamma-rays at the acceleration sites, it has not yet been

possible to unambiguously associate the detected gamma-radiation with sources of CR nuclei,

specifically. In fact, only very recently have ground-based imaging air _erenkov gamma-ray

telescopes provided direct evidence for the presence of highly relativistic, TeV energy electrons at

the shocks of three shell-type SNR’s: SN1006 (Tanimori et al., 1998), Cassiopeia A (Aharonian et

al., 2001) and RX J1713.7-3946 (also known as G347.3-0.5; Muraishi et al., 2000), the remnant

considered here. Even though previous reports (eg. Sturner et al., 1996; Esposito et al., 1996; Gaisser

et al., 1998; Aharonian & Atoyan, 1999; Combi et al., 1998, 2001) have suggested that the gamma-

ray emission seen in the directions of some SNRs could be due to hadronic interactions, it has not

been possible to rule out energetic electrons or the nearby pulsars as the dominant source of the

detected radiation (eg. Brazier et al., 1996; De Jager, & Mastichiadis, 1997; Gaisser et al., 1998).

2. 3EG J 1714-3857 AND SNR RX J1713.7-3946

Prompted by the close association of the GeV EGRET source 3EG J1714-3857 (Hartman

et al., 1999) with the TeV gamma-ray emitting SNR RX J1713.7-3946, we have investigated the

possibility that this remnant is also accelerating nuclei, in addition to the known CR electron

acceleration taking place there (Muraishi et al., 2000). As Figure 1 shows, there are two massive and

dense molecular clouds lying adjacent to the SNR; one of which, Cloud A, immediately abuts the

blast wave region of the SNR (Slane et al., 1999). This cloud is also partially within the inner 50%

confidence location contour of 3EG J1714-3857 (Hartman et al., 1999). Both clouds have a mean

Local Standard of Rest (LSR) velocity of –94 km/sec and an inferred kinematic distance of 6.3 ± 0.4

kpc. The mass of Cloud A, is determined from CO observations (Bronfman et al., 1989) to be (3 ±

0.3)x105 Mo and its mean density ~500 nucleons cm-3. Cloud B has a mass of (2.8± 0.3)x105 Mo, and

mean density of ~660 nucleons cm-3.
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As the blast wave of RX J1713.7-3946 overtakes Cloud A the shock-accelerated protons and

ions collide with the resident nuclei and produce neutral pions which then promptly gamma-decay

( oà ), illuminating the cloud at GeV energies; such a scenario has been anticipated by several

authors (eg. Montmerle, 1979; Aharonian, Drury & Volk, 1994; Dorfi, 1991, 2000). Indeed, a recent

detailed analysis of the broadband electronic emissions of RX J1713.7-3946 by Ellison et al. (2001)

directly supports our findings by suggesting that 25-50% of the forward shock kinetic energy is

likely being taken up in accelerating ions to relativistic energies of up to ~70 TeV/nucleon in this

remnant. Strong evidence that the shock front of RX J1713.7-3946 has overtaken, and is interacting

with Cloud A, is provided by the enhanced intensity ratio of the two lowest rotational transitions of

the CO molecules in the cloud, as already noted by Slane et al. (1999). This ratio,

R={CO(J=2à1)/CO(J=1à0)}, is typically ~0.7 in the Galactic plane (Sakamoto et al., 1995), but is

known to be enhanced in shocked molecular gas interacting with SNRs (eg. Seta et al., 1998). We

examined this ratio, R, at all LSR velocities over a 2ox1o region centered roughly on Cloud A, using

CO(J=1à0) data from Bronfman et al. (1989), and unpublished CO(J=2à1) data from the

University of Tokyo 0.6m telescope at La Silla, Chile, kindly provided by T. Handa and T.

Hasegawa. As Figure 2 shows, of all the 781 ratios measured, 2 of the 3 highest (top 0.5%

percentile), with R~2.4±0.9, were found on or very close to Cloud A in both position and velocity. In

contrast, no enhanced  CO(J=2à1)/CO(J=1à0) ratio was observed in the vicinity of Cloud B.

We have calculated the expected gamma-ray luminosity for the proposed scenario using

the following information from Slane et al. (1999): supernova explosion energy = ESN = (1.7-

2.2)x1051 ergs; distance to the SNR = 6.3 ± 0.4 kpc; unshocked ambient density, no= 0.01 − 0.3 cm-3;

together with the cloud data extracted above. Using the Sedov solution we calculate the age of the

SNR to be in the range (2.5 – 13.4)x104 yrs. The total gamma-ray luminosity is divided between that

from the hadronic interactions intrinsic to the SNR, and that due to the enhanced probability of

hadronic interactions in the high target density medium of Cloud A:

Ftot(E>100MeV) = Fsnr(E>100MeV) + Fcloud A(E>100MeV)

We may evaluate the first term as (Drury et al., 1994):

Fsnr(E>100MeV) ~ 4.4 x 10-7  E51 D
-2

kpc  no

where  is the fraction of the total supernova energy converted to cosmic ray energy (eg. Morfill et

al., 1984); E51 is the supernova explosion energy in units of 1051 erg; and Dkpc is the distance in kpc.
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If the start of the Sedov phase is taken at ~2400 years, then substituting the numerical values for the

various quantities yields the intrinsic GeV luminosity of the SNR to be in the range:

Fsnr(E>100MeV) = (0.1-3)x10-9 photons cm-2 sec-1

The second term represents the contribution to the GeV flux from the SNR amplified CR
bombardment of Cloud A and is given by (Aharonian & Atoyan, 1996):

Fcloud A(E>100MeV)  =  2.2x10-7  M5  D
-2

kpc  ks  photons cm-2 sec-1

where M5 is the mass in units of 105 Mo and ks is the cosmic ray enhancement factor, ie. the ratio of

the CR energy density in the vicinity of the SNR to that measured near the Sun. [We adopt a gamma-

ray emissivity, q(E>100MeV)=2.2_10-25 photons (H-atom) -1 sec-1, (Dermer, 1986)]. Using Morfill et

al. (1984), we find 24 < ks < 36 for the SNR at the current epoch. Thus, the GeV luminosity of Cloud

A is, Fcloud A(E>100MeV) = (3.1 – 7.6)_10-7 photons cm-2 sec-1, and dominates, by more than two

orders of magnitude, the GeV flux produced by the SNR itself. Since the intrinsic SNR contribution

can thus be neglected, the total expected hadronically generated gamma-ray luminosity is simply the

same as that from Cloud A:

Ftot(E>100MeV) = (3.1 – 7.6) x10-7 photons cm-2 sec-1

That this predicted flux is fully consistent with the measured value, (4.36 ± 0.65)_10-7

photons cm -2 s -1 (Hartman et al., 1999), further supports a nucleonic source of the detected gamma

rays. Also, the fact that the EGRET source is coincident with the molecular cloud, and not the SNR

itself, is fully in agreement with our calculation of the expected fluxes from these two sources. In

addition, the spectral index of the GeV source,  = −2.3 ± 0.2 (Hartman et al., 1999), is in tune with

that expected from the hadronic interactions of a source CR population (Fields et al., 2001).

To be certain of a nucleonic source of the detected GeV flux from Cloud A, however, it is

crucial to eliminate the alternative, electromagnetic origin of the gamma-rays. We show that the non-

detection of Cloud A in the radio band (Slane et al., 1999; Ellison et al., 2001) rules out the

possibility that electrons are contributing significantly to the GeV luminosity of the cloud. At the

high particle densities of Cloud A, the contribution of the electron IC process to the GeV luminosity

can be neglected in comparison to the electron bremsstrahlung process (eg. De Jager & Mastichiadis,

1997). However, the electron flux needed to explain the intensity of the measured GeV emission via

electron bremsstrahlung in the cloud material will produce an enhanced radio emission by the
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synchrotron mechanism which far exceeds the measured values. The expected ratio of gamma-ray

(>100 MeV) electron bremsstrahlung flux to the radio synchrotron flux may be expressed:

  
R =

F(E > 100 MeV)

F( ) Jy

=
4.3 ×10−21

c(p)
n

cm − 3B G

−(1+ p )/2

Hz

( p −1 ) / 2
  Jy -1 cm-2  s-1  ,

where,

a(p) is given in Longair (1994), and p=2.3 is the spectral index of the electron population, Ne(E) ~

E 2.3

Then, using the physical parameters of Cloud A, together with an assumed magnetic field of

4x10-5 G [a conservative estimate considering the density of the medium (Crutcher et al., 1987)], we

can calculate that the predicted radio luminosity at 843 MHz – under the assumption of an electronic

origin of the GeV flux – would be ~85 Jy. Since this flux is about 20 times larger than the upper limit

derived from the non-detection of Cloud A at this frequency (Slane et al., 1999), we conclude that no

significant part of Cloud A’s GeV radiation could be due to electronic processes [Fig 3].

Furthermore, were the GeV flux of 3EG J1714-3857 of electronic origin, Cloud A would outshine even

the radio-brightest NW rim of the remnant, which is found to be emitting at only 4±1 Jy at 1.36 GHz

(Ellison et al., 2001). Thus, clearly, electrons are not responsible for the bulk of the measured GeV

flux of 3EG J1714-3857. There is, of course, a relativistic bremsstrahlung contribution from

secondary electrons and positrons produced by the decay of charged pions ( ± à  à e  ) which

are also generated in the hadronic interactions, but this gamma-ray intensity is expected to be more

than an order of magnitude lower than the oà flux above 100 MeV (Berezinskii et al., 1990).

3. OTHER SOURCES IN THE FIELD

There are also two other SNRs projected within 3EG J1714-3857’s 95% contours, CTB37A&B.

However, since these SNRs are more distant (11.3 kpc), and because their maximum possible

interacting cloud mass (Reynoso & Mangum, 2000) is measured to be an order of magnitude less

than Cloud A’s, their contribution to the GeV luminosity is less than 2x10-8 photons cm-2 sec -1, or

less than 5% of the measured 3EG J1714-3857 flux.

The two pulsars within the 95% confidence location contours of this EGRET source, PSR J1715-

3903 and J1713-3844 (Manchester et al., 2001), can also be eliminated as the source of the bulk of



188

the measured GeV flux. PSR J1713-3844 at (l,b)=(348.10,+0.21) is a long-period pulsar (P=1.60011

sec) whose spin-down luminosity is two orders of magnitude below that needed to account for 3EG

J1714-3857. Although spinning faster, PSR J1715-3903 at (l,b) = (348.10, -0.32), is still not

energetic enough to be responsible for 3EG J1714-3857: it has a period P=0.27848 sec; the

dispersion measure indicates a distance of d=4.8 kpc and the observed period derivative of

37.688x10-15 implies a spin-down luminosity of E
.

 ~7x1034 erg s-1, for a standard neutron star

moment of inertia I=1045 g cm2. Thus, E
. /d2 ~ 3 x1033 erg s-1 kpc -2 which is more than an order of

magnitude below the lowest value among the confirmed gamma-ray pulsars (Kaspi et al., 2000). [We

do not consider PSR B1055-52 since there is an open controversy regarding the distance to this

pulsar – see Combi et al. (1997), Romero (1998) and Mc Laughlin & Cordes (2000) for discussions.]

We thus conclude that the pulsar J1715-39 is not responsible for the bulk of the GeV emission of

3EG J1713.7-3946. This conclusion is supported by the lack of any X-ray counterpart of PSR J1715-

39 in any archival X-ray database, including the ROSAT all-sky survey.

Lastly, the EGRET source 3EG J1713.7-3946 is not coincident with any other candidate

gamma-ray sources such as OB associations, Wolf-Rayet or Of stars (Romero et al., 1999; Torres et

al., 2001). The analyses of both Tompkins (1999) and Torres et al. (2001) also shows this source to

be non-variable, as should be the case for an interacting SNR.

4. CONCLUSIONS

We have argued that the unidentified EGRET source 3EG J1714-3857 (Hartman et al., 1999)

results predominantly from the gamma-rays produced by nuclei accelerated by SNR RX J1713.7-

3946 interacting with those resident in the dense and massive molecular cloud immediately abutting

the remnant. A recent analysis of the electronic emissions of this remnant by Ellison et al. (2001)

directly supports our proposal by suggesting that 25-50% of the forward shock kinetic energy is

likely being taken up in accelerating ions to relativistic energies of up to ~70 TeV/nucleon.

However, it should be noted that a number of theoretical assumptions are built into the

simple models of the literature cited in our analysis of the hadronic gamma-ray production (Morfill

et al., 1984; Aharonian et al., 1994; Drury et al., 1994; Aharonian & Atoyan, 1996). For instance, the

diffusion and confinement of the protons in the dense and magnetized media of molecular clouds is a

complicated problem whose detailed analysis is beyond the scope of this letter (see, eg. Zweibel &

Shull, 1982; Berezinskii et al., 1990; Dogiel & Sharov, 1990; Chandran, 2000). The large angular

size of the EGRET error box [Fig. 1] also leaves open the possibility that some other, as yet
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unidentified, source could also be contributing significant gamma-ray flux. Observations of this

region with the upcoming higher sensitivity and spatial resolution satellite-based GeV telescopes,

such as AGILE and GLAST, will thus be very important. We also propose that Cloud A of RX

J1713.7-3946 be a high priority target for CANGAROO-III and HESS, the forthcoming high-

sensitivity ground-based TeV _erenkov telescope arrays in the southern hemisphere. Such

observations of very high energy photons from Cloud A could directly probe the maximum proton

energy, Ep-max, accelerated by RX J1713.7-3946, since the hadronic gamma-ray spectrum begins

steepening at E  ~ 0.1 Ep-max and is cut-off at E  ~ Ep-max (eg. Naito & Takahara, 1994).

In conclusion, the facts that TeV energy cosmic ray electrons are accelerated in SNR RX

J1713.7-3946 (Muraishi et al., 2000); that the abutting cloud material is inordinately excited; that the

cloud region is of low radio and X-ray brightness; that the GeV luminosity is non-variable and in

quantitative agreement with that expected from o gamma-decays; that the spectral index is as

expected for an hadronic CR source population; and, lastly, that there are no other known candidate

sources within the 95% location contours of 3EG J1714-3857 capable of explaining the GeV flux, all

suggest that this EGRET source is the gamma-ray signature of accelerated nuclei from SNR RX

J1713.7-3946 interacting with those of the neighboring dense and massive molecular cloud.
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Figure 1: An overlay map in Galactic coordinates showing SNR RX J1713.7-3946 (G347.3-0.5) in
grey (ROSAT PSPC X-ray) contours from Slane et al. (1999). Red depicts the TeV significance
contours from Muraishi et al. (2000). In white are the location probability contours (successively,
50%, 68%, 95% and 99%) of the GeV EGRET source 3EG J1714-3857 from Hartman et al. (1999).
The color-scale indicates the intensity of CO(J=1à0) emission, and consequently the column
density of the ambient molecular cloud, in the LSR velocity interval vlsr= -105 to -80 km/sec
associated with the SNR, corresponding to a kinematic distance of 6.3±0.4 kpc. The elongated CO
emission feature near (l,b)~(348.5,+0.2) derives from the large velocity wings of a much more
distant (~11.3 kpc) and unrelated cloud centered at Vlsr= -68 km/sec.
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Figure 2: The distribution of all 781 line intensity ratios, R={CO(J=2à1)/CO(J=1à0)}, measured
every 15_ in the region from l=346.5à348.5; b= -0.5à+0.5, and averaged over 5km/sec bins of
velocity between vlsr= -150 km/sec à +50 km/sec. Pixels in which the CO(J=1à0) intensity is less
than 2.5 times the instrumental noise are excluded. The bins labeled “Cloud A” contain 3 pixels, 2 of
which are consistent with the position and velocity of Cloud A: (l,b,v)=(348.0,-0.25,-85 km/s), and
(l,b,v)=(348.25,-0.5,-90 km/s). All other pixels with high R values (R>1.8) lie well outside the 95%
confidence location contour of 3EG J1714-3857. The mean of the distribution, ~0.72, agrees with the
average unexcited value in the Galactic plane (Sakamoto et al., 1995). The dispersion about the mean
of ~0.44, results both from the intrinsic scatter in R, as well as from instrumental noise, mainly in the
CO(J=2à1) data. That the latter source dominates is evidenced by some unphysical negative R
values which are caused by background subtraction in pixels with very low CO(J=2à1) intensity.
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Figure 3: The radio synchrotron spectrum that would be expected from Cloud A (located towards
the N.E. of the remnant) if the GeV flux were due to either primary or secondary electron/positron
bremsstrahlung (see text for details). Since this spectrum violates the upper limit (blue) derived from
the non-detection of Cloud A in the radio band by a factor of ~20 at 843 MHz (Slane et al., 1999),
we rule out a predominantly leptonic origin of the GeV luminosity. Furthermore, were the GeV flux
of 3EG J1714-3857 of electronic origin, Cloud A would outshine even the radio-brightest N.W. rim
of the remnant which is found to be emitting at only 4±1 Jy at 1.36 GHz (Ellison et al., 2001), as
shown by the green datapoint. This latter datapoint from the N.W. rim of the remnant thus constitutes
another effective upper limit, shown by the green dots, for the radio emission of Cloud A, at a
frequency of 1.36 GHz. (An assumed low frequency turnover at ~100 MHz is shown by the red
dotted line.)
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ABSTRACT

In this lesson it will be adopted the following scheme:

• (a) - The antimatter component of cosmic rays:

– (a.1) Predictions of the theories

– (a.2) Status of the experimental observations

– (a.3) Observation programs for the next future

• (b) - The PAMELA experiment
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1 The antimatter component of cosmic rays.

1.1 Prediction of the theories.

I will begin my lesson following an historical approach.
The chronicle of the antimatter search can be summarized according the

following table:

• 1928 prediction of antielectron (Dirac)

• 1932 discovery of positron in cosmic rays (Anderson)

• 1954 ”antiproton induced” events in cosmic rays (Amaldi)

• 1955 antiproton manufactured in laboratory (Chamberlain et al.)

• 1965 antideuteron manufactured in laboratory (Massam et al.)

• 1960’s Baryon Symmetric Cosmologies (Klein, Alfven,..)

• 1967 Sakharov’s conditions (Sakharov)

• 1970’s Baryon Symmetric Cosmologies (Stecker,...)

• 1970’s gamma-ray ”evidence”

• 1979 discovery of antiprotons in cosmic rays (Bogomolov et al., Golden
et al.)

• 1996 antihydrogen manufactured in laboratory

• ???? ? antinuclei in cosmic rays? (??)

In the period between the 30’s and the 60’s the fundamental question that
urged the cosmologists was:

how can the Universe contain equal amounts of ’particles’ and ’antipar-
ticles’, as implied by the rigorous symmetry of the fundamental laws of the
Nature?

The task was that of constructing mechanisms for separating particles
and antiparticles on a cosmological scale. Many works were dedicated to this
task, but it could not be solved at that time. The Big Bang models based
on statistical fluctuations resulted in astronomical objects of very tiny mass,
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less than 10−30 of the mass of the Galaxy. Furthermore they could not avoid
the so called ’annihilation catastrophe’ at the very beginning of the history of
the Universe, leading to an extremely low ratio of 10−18 between Baryons and
Photons at the present time, to be compared to the observed 10−9.

The CP violation observed in the weak interactions in 1964, allowed
Sakharov to formulate the hypotheses for achieving a sufficient Baryon Asym-
metry in the Early Universe:

• (1) Baryon decay allowed,

• (2) CP violation allowed,

• (3) a period out of equilibrium.

Of these assumption, the first one has not still been observed, the second one
occurs in kaons decay, not with the required strength, and the third one is
surely satisfied in the hot Big Bang models.

These three Sakharov’s conditions are still the best that we have for con-
ceiving the possibility of an ”all matter” Universe. They offers a solution to
the particles-antiparticles separation problem in a Baryon Symmetric Universe,
according to the following scheme:

• (1) CP is spontaneously violated,

• (2) there can be domains with either all particles or all antiparticles,

• (3) and inflation can increase these domains to the astronomical scale.

The conclusion that we can formulate now from the history of the prediction
of the theories is the following:

• The theory needed to support a Baryon Asymmetric Universe is far away
from being complete.

• Our present understanding does not forbid a Baryon Symmetric Universe.

Concerning this last point it must be pointed out that the observation of an
”all matter” Universe is a local phenomenon. It concerns only our supercluster
of galaxies, a volume of 10−8 of the volume of the Universe, where the ratio
antibaryon/baryon is observed to be less than 10−5 in the hypothesis of well-
mixed baryon and antibaryon gas systems.
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1.2 Status of the experimental observations.

In the lack of a guiding theory, we can only investigate by direct or indirect
observation for understanding if Universe is or is not symmetric.

Indirect observations can be obtained by studying the spectrum of the
gamma ray radiation arriving to us from the space. An abundant presence of
antiprotons in the Universe should give a ’bump’ in the gamma ray spectrum,
due to the γ′s coming from the decay of the π0’s in the annihilation of the
antiprotons with the interstellar and intergalactic matter. The absence of such
a ’bump’ allows putting limits on the fraction of existing antiprotons. These
limits obviously depend from the volume of space considered around us. In
the hypothesis that the gasses of protons and antiprotons are well mixed, the
following figures are obtained:

• less than 10−15 in the particle clouds in the Galaxy;

• less than 10−10 in the halo of the Galaxy;

• less than 10−5 in our cluster of galaxies.

Until about 1995, it was claimed that the big bump observed in the high-energy
diffuse cosmic X-ray background, in the energy region between 1 and 10 GeV,
could be interpreted as a red-shifted signal of antiproton proton annihilation
processes, with the γ′s of the π0 decay arriving to us from cosmological dis-
tances, at red shifts of about 100. The existence of such bump was based on
several balloon measurements conducted at the top of the atmosphere, very
difficult and suffering of huge corrections and systematic uncertainty.

In 1995 the much more clean data of the COMPTEL experiment on board
of the Compton Gamma Ray Observatory in Orbit around the Earth, made the
bump disappear. With the bump disappeared also any possible indirect signal
of a significant presence of antiparticles in the Universe. We can therefore only
relay on direct observation of antiparticles reaching us from the space. These
observations must necessarily be performed outside of the Earth atmosphere,
by direct detection of the antiparticle component of cosmic rays on board of
stratospheric balloons or of satellites.

This component consists of positrons, antiprotons and antinuclei.
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• Positrons are not very useful for this kind of investigation. They suffer of
the huge background coming from many astrophysical processes, and it is very
difficult to pick up a significant contribution from extragalactic sources.
• Antiprotons are relatively abundant in cosmic rays, because they are pro-
duced as secondary in the interaction of protons with the interstellar matter.
This is a background for the detection of possible extragalactic contributions.
This background decreases at energies exceeding 10 GeV, and at much higher
energies, around or more than 100 GeV, antiprotons could be an enough sen-
sible probe of extragalactic contributions, either coming from ’dark matter’
processes, or from the diffusion of antiprotons from ’all antiparticle’ domains
in the Universe. The ’dark matter’ processes should show up as a ’bump’ in
the antiproton energy spectrum, while the antiproton diffusion from ’all an-
tiparticle’ domains should give a smooth rising of the antiproton/proton ratio
with the energy.
• For what concerns the antinuclei, we have no idea of their abundance, neither
of the possible background. If they diffuse from an ’all antiparticle’ domain,
we can guess that their chemical abundance could be similar to our ’all matter’
domain. Therefore the antihelium nuclei should be much more abundant that
the other ones, and are the first candidates we should look for. However there
are two important difficulties that antinuclei should overcome to reach us:
¦ They cannot travel to us following a direct path. The intergalactic magnetic
fields brakes their diffusion, and the probability of arriving is proportional to
their energy. Therefore those antinuclei that should be much more abundant,
with energies of one or a few GeV/nucleon, could have a low probability of
arriving, while those that have higher energies and could arrive, could be much
less abundant at the origin.
¦ The probability for an antinucleus to reach our position in the Galaxy could
be also diminished by the difficulty it will find for winning the galactic wind
flowing from the Galaxy. It is the analogous of the solar wind preventing
the less energetic galactic cosmic rays to reach our position in the solar system.
Unfortunately also the galactic wind contrasts the penetration of the potentially
most abundant less energetic antinuclei.

At present all the direct measurements of the antiparticle component of
cosmic rays were made by balloon borne experiments, and gave results for the
positron and for the antiproton energy spectra up to about 50 GeV. The sta-
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tistical and systematic errors of these measurements are somewhat large, up
to about 30% for the highest points in energy. Inside these errors the fluxes
of both these components can be justified by production of proton interac-
tions on the interstellar matter (see the figures of the antiproton/proton and
positron/(positron+electron) ratios in the Balloon experiments lesson). No an-
tihelium nuclei have been detected, with a sensitivity down to 10−6 on the
antihelium/helium ratio.

We can therefore conclude that at present, in the limits of the errors and
of the explored energies, no experimental indications were obtained for the
existence of significant quantities of cosmological antiparticles in the Universe.

1.3 Observation programs for the next future.

In order to obtain a more significant answer to the problem of the symmetry
or of asymmetry of the Universe in its content of particles and antiparticles it
is necessary to push the experimental investigation in the following directions:

• increase the statistics of the observation, either by long duration balloon
borne experiments or by satellite borne experiments;

• the increase of the statistics will allow also to reach a higher energy in
the study of the energy spectra;

• however this cannot be easily obtained by balloon borne experiments,
because the secondary production on the residual air on top of the balloon
prevents the possibility of exceeding 50 GeV without being flood by the
background; therefore, for reaching higher energies it is mandatory to
perform satellite borne experiments.

These directions are at the basis of the short coming experiments devoted
to the study of the antiparticle components of cosmic rays:
• The BESS experiment will go on to increase the statistics in the measurement
of the antiproton component at relatively low energies, from a few hundreds
MeV up to a few GeV. At these energies the background due to the production
of secondary antiprotons in the residual atmosphere is negligible. Therefore a
significant increase of the statistics can be obtained by going from the present
balloon borne experiment duration, of about 20 hours, to the long duration
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balloon experiments in the Antarctic continent. The BESS program foresees
to begin such experiments in 2003.
• The PAMELA experiment will be the first one that will study the antiparticle
component in orbit around the Earth. It will be launched on board of a Russian
satellite at the end of the year 2002, and will collect data for three years,
allowing to measure the positron spectrum up to 270 GeV, and the antiproton
spectrum up to 190 GeV. To the description of this experiment it will be devoted
the last part of this lesson.
• A much larger acceptance experiment will follow up, the AMS-02 experiment
on board of the International Space Station, starting in the year 2004 or 2005.
Also if probably it will not allow extending very much the energy spectra for
positrons and antiprotons, it will increase the sensitivity for hunting antinuclei
down to about 10−10 in the antihelium/helium ratio. AMS-02 will be described
in the lesson of Prof. Battiston.

2 The PAMELA experiment.

The PAMELA experiment is the most important activity of the international
collaboration known by the name ’Wizard’. This collaboration was constituted
15 years ago for performing the WIZARD experiment at the cosmic ray facility
ASTROMAG foreseen on board of the International Space Station FREEDOM.
The ASTROMAG facility was based on the use of a powerful magnetic system
based on superconducting coils. ASTROMAG was one of the two main pro-
grams foreseen in the general program for cosmic rays research recommended
by the NASA Cosmic Ray Program Working Group established by NASA in
1984, following the recommendation made in 1982 by the National Academy
of Sciences of USA. The other foreseen main program was an explorer sent in
the interplanetary space for studying in detail the low energy portion of the
galactic cosmic rays. This probe, known with the name ACE, is now working
in space since a few years, sending the best low energy cosmic rays data un-
til now collected. Instead the ASTROMAG facility could not be realized for
the cancellation of the FREEDOM Space Station by the USA. For this facil-
ity were already selected three experiments, covering the most important open
questions in the study of the galactic cosmic rays:
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• The SCINATT experiment, proposed by a Japan-USA collaboration, ded-
icated to the study of the chemical composition of cosmic rays at energies
up to 1016 per nucleus.

• The LISA experiment dedicated to the study of the chemical and isotopic
composition of cosmic rays.

• The WIZARD experiment, based on an Italian-American collaboration,
dedicated to the study of the antiparticle component in cosmic rays and
to the search for antinuclei.

After the cancellation of the FREEDOM Space Station the WIZARD collabo-
ration did not disbanded and decided to go on on the proposed researches by
balloon borne and satellite borne experiments. The first balloon borne experi-
ment was launched in 1989, afterwards the collaboration acquired an increasing
experience, allowing to afford the much more complex PAMELA experiment
(fig.1). The balloon experiments performed by the WIZARD collaboration are

Figure 1: The Wizard background
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shortly described in an other lesson of this course. The collaboration conducted
also a number of experiments dedicated to the study of the low energy portion
of the solar cosmic rays either on board of satellites (NINA and NINA2) or on
the MIR Space Station (SIL-EYE-01 and SIL-EYE-02). These experiments are
described in dedicated lesson of this course.

In the last part of this paragraph it will be described the PAMELA ex-
periment. The main scientific objectives of PAMELA are:

• 1 - measurement of the energy spectrum of antiprotons up to 190 GeV
and down to 80 MeV,

• 2 - measurement of the energy spectrum of positrons up to 270 GeV and
down to 50 MeV,

• 3 - search for antinuclei with a sensitivity of 3 × 10−8 in the antihelium
helium ratio,

• 4 - measurement of the energy spectrum of protons up to 700 GeV and
down to 80 MeV,

• 5 - measurement of the energy spectrum of electrons up to 2 TeV and
down to 50 MeV.

The PAMELA instrument will fly in a highly inclined (quasi polar) orbit, and
will collect data during the period of transition of the solar activity from its
maximum to its minimum, down to very low energies, overlapping with the
energies studied with the NINA and NINA2 experiments. Therefore to the
above main objectives of PAMELA the following by-product investigations can
be added:

• 6 - modulation of galactic cosmic rays by the solar wind,

• 7 - study of the Solar Energetic Particle fluxes as a function of the time
and of the energy,

• 8 - stationary and disturbed fluxes of particles in the magnetosphere.

The scheme of the PAMELA instrument is shown in fig.2, where also the main
features of the detectors are reported. The instrument is constituted by a tele-
scope of particle sensors, based on a magnetic spectrometer complemented by
several detectors. The spectrometer is a system of five permanent magnets
interleaving 6 plane of very sophisticated silicon sensors. Before the spectrom-
eter the particle will encounter an extremely compact Transition Radiation
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Figure 2: Scheme of the PAMELA instrument.

Detector (TRD) that will select the electromagnetic component of cosmic rays.
After the spectrometer the particle will enter a very compact and deep imaging
calorimeter, that will supply the detailed description of the interaction of the
particle inside its volume, allowing to identify the nature of the particle. A
set of scintillation counter hodoscopes (S1, S2 and S3) will supply the triggers,
will measure the charge of the particle and its times of flight between the dif-
ferent hodoscopes. A penetration counter (S4) on the bottom of the imaging
calorimeter will measure the flux of particles escaping from the calorimeter,
and a neutron counter system (ND) will measure the number of neutrons es-
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caping from the interactions in the calorimeter volume. Finally a system of
several anticoincidence scintillation counters will protect the apparatus from
external background. The total mass of the apparatus is 480 kg, its electric
power consumption 345 W, its geometric factor 20.5cm2sr. The spectrometer
has a Maximum Detectable Rigidity (MDR) exceeding 740 GV/c.

The PAMELA instrument will fly on board of the RESURS-DK1 Russian
satellite in a highly inclined elliptic orbit (fig.3). Distinctive features of the

Figure 3: Scheme of the PAMELA instrument.

PAMELA instrument are the following:
• The wide energy range covered with the same instrument. This is obtained
maximizing the MDR of the spectrometer (the position of the going through
particle in each plane of the tracker is measured with a precision of 3µm) and
minimizing the thickness of the triggering scintillation counters (≤ 0.7cm).
• A robust separation between electromagnetic and hadronic particles, better
than a part on 105 @ 90% efficiency. To obtain such separation the Imaging
Calorimeter is 16 Xo deep, is highly granular and is complemented by the TRD,
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the penetration counter S4 and the Neutron Detector.
• The Imaging Calorimeter can be calibrated in flight by selecting electrons in
the TRD and measuring their momentum in the spectrometer.
• The multiple scattering in the magnetic spectrometer has been kept as low
has possible (it contributes with less than 4% to the measurement error) by
supporting the silicon sensors only at their edges, so that no other material
than silicon is added on the particle path.
• The time of flight of the particle through the telescope is measured several
times in order to improve its precision, but also for rejecting background.

Several prototypes of the various detectors have been constructed and
tested on particle beams before affording the final construction. The perfor-
mance of the final prototypes is:
♣ Magnetic spectrometer: the magnetic field supplied by the five magnets is
4.8 kgauss, uniform in all the magnetic volume of the spectrometer (16 × 14 ×
45cm3). The tracker gives the position of the particle in each plane on the
bending view with a standard error of 3µm. [However, the above quoted value
of 740 GV/c for the MDR assumes a field of 4.0 kgauss and a measurement
precision of the position of 4µm.]
♣ Imaging Calorimeter: the measured contamination of electrons on pions and
of pion on electrons at 40 GeV/c is less than 10−4 at 90% efficiency for the
selected particle. The energy resolution for the electrons is better than 5% up
to 120 GeV.
♣ The TRD gives a separation of electrons from pions better than 10% at 90%
efficiency from 2 up to 40 GeV/c.

With this performance the instrument assures that the objectives of the
experiments can be reached for all the above quoted items. The expected
measurement ranges for antiprotons and positrons are those reported in the
fig. 14 of the lesson of A. Morselli, and the sensitivity in the antihelium to
helium ratio is shown in figure 10 of the Balloon experiments lesson).

The final PAMELA instrument will be calibrated at CERN/SPS in sum-
mer of next year, and ready to be integrated on the RESURS-DK1 satellite in
September 2002. The launch is scheduled for December 2002 from the Baikonur
cosmodrome.
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EUSO: USING HIGH ENERGY COSMIC RAYS AND NEUTRINOS

AS MESSENGERS FROM THE UNKNOWN UNIVERSE (°)
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ABSTRACT

Exploiting the Earth Atmosphere as a giant detector for the incoming extraterrestrial
flux of High Energy Cosmic Rays and Cosmic Neutrinos, the mission “ EUSO - Extreme
Universe Space Observatory “ is devoted to the exploration of the domain of the highest
energy processes occurring in the Universe up to its accessible boundaries. The observable
is provided by the Air Nitrogen fluorescence light emitted in the UV band 300 – 400 nm by
the Extensive Air Showers produced by the cascading processes of the Primary C.R.
Particles interacting with the Atmosphere. The EUSO telescope is based on a double Fresnel
lens optics ( diameter 2.5 m ) coupled to an highly pixelized focal surface composed by
multianode PMTs ; the image at the Earth surface is detailed at 1 Km2 over a total of several
hundred thousand of Km2. EUSO will fly on the International Space Station accommodated
as External Payload of the European Space Agency Columbus module . The mission is
scheduled to last 3 years, with the start of operations foreseen for 2007/8 . The expectations
are of a collection rate of a thousand events / year for Cosmic Rays at E > 1020  eV together
with tens / hundreds Cosmic Neutrinos at energy above about 4 x 1019  eV. EUSO is the result
of the collaborative effort of several Institutions in Europe, Japan and USA and it is
conceived within the science program sponsored by various Space Agencies coordinated by
ESA

(°) This text is largely derived from contributions made by the Author in 2000/2001 to
other Workshops and Conferences and from documentation submitted by the EUSO
Consortium to the European Space Agency as a part of the proposal EUSO
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1 Introduction

The Cosmic Radiation can be considered the "Particle channel" complementing the
"Electromagnetic Channel" proper of the conventional Astronomy.

A classic presentation of the Cosmic Ray Energy Spectrum is shown in Fig.1; an
unconventional view (which I borrowed from a colleague of Karlsruhe, where it was first
shown at the Cerimonial organized in honor of Dr. Shatz) is given in Fig.2 to illustrate in

Figure 1. The observed cosmic ray spectrum for E >108 eV showing the principle
features. The inset shows the high-energy part with the overall E-3 dependence
removed as observed by AGASA (Takeda et al. 1998), Fly’s Eye and HIRes (Teshima
2000). The dashed line shows the effect of the GZK cutoff assuming a homogenous
source population filling the Universe. The numbers are the actual number of events in
each bin.made in the knowledge of the nature of Cosmic Rays of the relatively modest
energies (up to the “knee“ at 1014-1015 eV); the Cosmic Radiation on the higher energy
side on the other hand presents us with the challenge of understanding its origin and its
connection with fundamental problems in Cosmology and Astroparticle Physics.
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Figure 2 .  The Cosmic Ray energy spectrum: anthropomorphic presentation.

an anthropomorphic perspective the features conventionally nominated “knee“ (around
10 15  eV) and “ankle“ (above 5×10 18  eV). The remarkable “feminine leg“ in the figure is that
of the famous German movie Star Marlene Dietrich. Today substantial progresses have been
Focal points are represented by:

i) The change in the spectral index at ~5_1018  eV ("Ankle “)
ii) Existence of "Cosmic Rays" with energy E>1020  eV: (EECR) (Fig.1).A direct

question arising is: what is the maximum Cosmic Ray energy, if there is any limit?
Addressing the theoretical issue concerning the production and propagation of 1020  eV
Primary quanta is problematic and it involves processes still little known

2 The Universe and the probing depth of the Extreme Energy
Cosmic Radiation.

(From the document “Report on the Accommodation of EUSO on the Columbus
Exposed Payload Facility: ESA/MSM-GU/2000.462/AP/RDA. December 2000).

Soon after the discovery of the cosmic microwave background radiation (CMB) by
Penzias and Wilson in 1965, Greisen, and, independently, Zatsepin and Kuzmin pointed out
that this radiation would make the universe opaque to cosmic rays of sufficiently high
energy. For protons, e.g., this occurs when the pion production threshold is reached (about
5×10 19  eV , if the Lorentz tranformations of Relativity still hold at γ ≥ 1011 ). The reaction p
+ γ → ∆+ → p + π° or n + π+ will lead to an effective attenuation length of 50 Mpc for a
proton of 1020 eV. This is about the size of the Virgo cluster to which our galaxy belongs,
and is just a small fraction of the size of the Universe .Table 1 summarizes the effects
introduced on the primary EECR components, including gamma rays, by the interaction
with the CMB. To a much lesser extent, neutrinos decay above 1021 -1022  eV by Z0-resonance
with cosmic neutrino background (CNB).

Table  1 .  Extreme energy processes that cutoff the energy spectrum of particles in
Universe.
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Process Cutoff Energy Mean free path
Protons p + γ2.7K → π° + X  eV 50 Mpc
Nuclei A + γ2.7K → ∆++ + X ≥ 5 x 1018  eV/n 100 Mpc
Gamma-rays γ + γ2.7K ≥10 14  eV (at 1020  eV) 10 Mpc (at 1020  eV)
Neutrinos ν + ν1.95K → (W/Z0) +

X
≥ 4 x 1022  eV 40 Gpc

The Greisen-Zatsepin-Kuzmin effect shapes in a complicate way the form of the
observed energy spectrum of the EECR as a function of the distribution of the extragalactic
sources in the Universe (see Figure 3).

2.1 Sources of Extreme Energy Cosmic Rays

Many sources of high-energy particles could exist in the Universe at distances beyond
the GZK length of 50 Mpc. The predicted sharp cutoff of energy spectrum above 5x1019 eV
may not be present if a possible high abundance of cosmological neutrino events, or others
from nearby sources, are dominant. A significant bump should exist at 1019 -1020  eV due to
the GZK effect for protons, because cosmological protons that were accelerated to the super-

Figure 3 .  Left:  Energy spectra from a single source of protons with an E-2  spectrum, for
various source distances between z = 0:004 and 1 (i.e. between 2 and 5000 Mpc). Right :
The nucleon spectrum at the trans-GZK and super-GZK energies predicted from different
models of the cosmic evolution, including the hypothetical component at EE up to 1023  eV.
The curve 1 is for the case of homogeneous evolution for the redshifts 0 ≤ z ≤ 2. The curve 5
shows non-homogeneous distribution up to z = 4 in which early cosmological era has more
active EE sources. Curves 2-4 are for intermediate models. Cosmological neutrinos and their
secondaries are not included in this figure.

GZK energies decay down to the trans-GZK energies, and pile up at sub-GZK energies. The
details of the energy spectrum in the trans-GZK energy regime (1019 – 2x1020 eV) depend on
the model of the evolution of Universe from about 10 billion years ago (or z~5). High event

a

b
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statistics can provide information on the evolution of the highest energy Universe. This
information on the evolution of Universe may be distorted by the probable existence of
super-GZK neutrinos. However, using EUSO the neutrino energy spectrum can be identified
and directly measured, and the non-neutrino spectrum can be statistically corrected by
subtracting relevant neutrinos and their secondaries. The evolution of energetic sources in
universe will be examined by such statistical means.

The current summary of the data from AGASA, Fly’s Eye and Hi-Res is shown in the
insert of Fig. 1 and suggests that the observed cosmic ray spectrum is not necessarily cut off
following the predicted GZK process for protons and nuclei. It suggests that either the
majority of cosmic rays originated within the GZK length (< 50 Mpc), or the relativity
principle fails at extreme energies, or some other unknown sources exists.

Concerning the distribution of arrival directions , AGASA and world wide data summary
of cosmic rays above about the GZK cutoff energy shows a quasi-isotropic distribution in
the sky clearly suggesting an extragalactic origin. Among them, 6 pairs and 1 triple set of
spatially correlated events within 2 years from 58 events were recognized by AGASA only,
while the world-wide data show 9 pairs and two triples. The chance coincidence probability
for these “clusters” of events is less than 0.07%, and therefore, the particles of a “cluster”
possibly had the same sources

Although the existence of the highest energy cosmic rays is proven, their origin is
still an enigma despite the efforts of many theorists and experimentalists. One is led to the
conclusion that they have an entirely different origin than the lower energy cosmic rays.
The present data raise questions of great importance for astrophysics, cosmology, and
fundamental physics.

Focusing the attention on the primary sources, the general production mechanisms
proposed for the EECRs can be classified as:

BOTTOM-UP, with acceleration in rapidly evolving processes occurring in
Astrophysical Objects. The scenario involves astrophysical objects such as, e.g. AGNs and
AGN radio lobes. The study of these objects is, besides radio observations, a main goal of
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X-ray and Gamma-ray astrophysics of the late 90`s. An extreme case in this class is
represented by the Gamma Ray Bursts, found to be located at cosmological distances. The
observation of “direction of arrival and time” coincidences of GRBs and Extreme Energy
Neutrinos (E≥10 19  eV) in the EUSO mission could provide a crucial test for the identification
of the observed GRBs as EECR sources in spite of their location at distances well above the
GZK limit.

TOP-DOWN Processes. This scenario arises from the cascading of ultrahigh energy
particles from the decay of topological defects. Cosmic Strings would play an essential role
for releasing the X-bosons emitting the highest energy quarks and leptons. This process
could occur in the nearby Universe. The relics of an early inflationary phase in the history
of the Universe may survive to the present as a part of dark matter and account for those
unidentified EECR sources active within the GZK boundary limit. Their decays can give
origin to the highest energy cosmic rays, either by emission of hadrons and photons, as
through production of EE neutrinos.

Figure 4.  Predicted neutrino fluxes for various models. The large range of predicted
fluxes should be noted as should the number of models which exceeds the number of
events with energies >1020 eV !
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1.2 Neutrino induced Air Showers

Neutrinos with high enough energy can produce detectable EAS observable by EUSO.
This will provide precious information about their origin together with that of the EECR.
Not suffering the GZK effect and being immune from magnetic field deflections, or from a
delay caused by the quantum relativity effects, neutrinos are ideal for disentangling source
related mechanisms from propagation related effects. The opening of the neutrino
astronomy channel will allow the extreme boundaries of the Universe to be probed.

From the Astroparticle Physics point of view, the EECRs have energies only a few
decades below the Grand Unification Energy (1024 -1025  eV), although still far from the Plank
Mass of 1028  eV.

However, neutrinos are elusive objects with a low interaction probability, to such an
extent that they can be neglected as observable EAS initiators for all ground based
detectors, present or planned. Even for the largest planned ground based cosmic ray detector
(the Auger project), in the most optimistic case, the expected rate is only a few events per
year. EUSO, with its large sensitive area and accessible mass target of the order of 1013  tons
of atmosphere, will be sensitive to this class of events.

Figure  5 .  Shower depth distribution from Monte Carlo simulations showing how
neutrino and proton and nuclei induced events can be distinguished

The expected neutrino event rate ranges from a few events per year (GZK processes,
AGN, GRB sources etc) to 150 per year according to the effectiveness of the "topological
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defects" hypothesis (see Fig. 4). Observationally, neutrino induced EAS can be
distinguished from background events and from other EECR EAS by selecting events with
large zenith angles which initiate deep in the atmosphere (Fig. 5). A nearly horizontal τ-
neutrino event with an energy >1019 eV can be identified by a “double bang” structure. Both
the initial shower in the ντ → τ interaction, and another, by the τ-decay, can be seen
because of the long path length (~1000 [E/1020  eV] km) for τ-decays.

3 Observational problems

The extremely low value for the EECR flux, corresponding to about 1 event per km2 and
century at E > 1020  eV, and the extremely low value for the interaction cross section of
neutrinos, make these components difficult to observe if not by using a detector with
exceptionally high values for the effective area and target mass. The integrated exposure
(2_103 km2 yr sr) available today for the ground based arrays operational over the world is
sufficient only to show the "ankle" feature at ~5_1018  eV in the Cosmic Ray energy
spectrum and the existence of about ten events exceeding 1020  eV; the limited statistics
excludes the possibility of observing significant structures in the energy spectrum at higher
energies. Experiments carried out by means of the new generation ground-based
observatories, HiRes (fluorescence) and Auger (hybrid), will still be limited by practical
difficulties connected to a relatively small collecting area (<104 km2 sr) and by a modest
target mass value for neutrino detection.

To overcome these difficulties, a solution is provided by observing    from        space     (Fig.6)
the atmosphere UV fluorescence induced by the incoming extraterrestrial radiation, which
allows to exploit up to millions km2 sr for the acceptance area and up to 1013  tons as target
for neutrino interaction. This is the philosophy of the “AirWatch Programme” and “EUSO”
is a space mission developed in the AirWatch framework.

Figure 6  .  Observation of EAS from Space.



287

The Earth atmosphere in fact constitutes the ideal detector for the Extreme Energy
Cosmic Rays and the companion Cosmic Neutrinos. The EECR particles, interacting with
the air nuclei, give rise to propagating Extensive Air Showers (EAS) accompanied by the
isotropic emission of UltraViolet fluorescence (300-400 nm) induced in Nitrogen by the
secondary charged particles in the EAS as result of a complex relativistic cascade process;
an isotropically diffuse optical-UV signal is also emitted following the impact on clouds,
land or sea of the Cherenkov beam accompanying the EAS. A Shower corresponding to a
Primary with E>1019  eV forms a significant streak of fluorescence light over 10-100 km
along its passage in the atmosphere, depending on the nature of the Primary, and on the
pitch angle with the vertical.

 Observation of this fluorescence light with a detector at distance from the shower axis
is the best way to control the cascade profile of the EAS. When viewed continuously, the
object moves on a straight path with the speed of light. The resulting picture of the event
seen by the detector looks like a narrow track in which the recorded amount of light is
proportional to the shower size at the various penetration depth in the atmosphere. From a
Low Earth Orbit (LEO) space platform, the UV fluorescence induced in atmospheric Nitrogen
by the incoming radiation can be monitored and studied. Other phenomena such as meteors,
space debris, lightning, atmospheric flashes, can also be observed; the luminescence
coming from the EAS produced by the Cosmic Ray quanta can be on the other hand
disentangled from the general background exploiting its fast timing characteristic feature.
EUSO observes at Nadir from an orbital height of about 400 km. It is equipped with a wide
angle Fresnel optics telescope (60° full FoV) and the focal plane segmentation
corresponding to about 1 km2 pixel size on the Earth surface. The area covered on Earth is of
about 160000 km2. Exploiting the high speed of the focal plane detector (10 ns class),
EUSO is able to reconstruct the inclination of the shower track by the speed of progression
of the projected image on the focal surface and to provide the tri-dimensional reconstruction
of the EAS axis with a precision of a degree (or better) depending on the inclination. By
measuring the EAS front luminosity with the photoelectrons (PE) detected by the MAPTs
covering the focal surface, EUSO registers the longitudinal development of the EAS.

1.1 EUSO General Requirements and Main Goals

For a significant observation from a space mission the assumed values are:
a) Geometrical exposure of (5_104-105) km2 sr considering a duty cycle of 0.1-0.15;
b) EAS energy threshold at about 5_1019  eV.

EECR s t a t i s t i c s . About 10 3 events/year (an order of magnitude above those
expected by the presently planned ground based experiments) to allow a quantitative energy
spectral definition above 1020  eV, together with the evidence of possible anisotropy effects
and clustering (if any) for the directions of arrival.

Neutr ino  events . The expected event rate ranges from several events/year (AGN,
GRB source) to several events/day according to the effectiveness of the "topological
defects" hypothesis. From the observational point of view, the neutrino induced EAS can be
distinguished from background and from other EECR EAS by triggering on horizontal
showers initiating deep inside the atmosphere. Moreover neutrinos with energy of about
10 15 - 1016  eV interacting in the solid earth and emerging upward in the atmosphere create
showers which can be detected by EUSO by means of the Cherenkov beamed signal induced
in the atmosphere, extending the capability of EUSO to this lower neutrino astronomy
energy band. A horizontal tau-neutrino event at energies greater than 10 19 eV can be
identified by a “double bang” structure. Both the initial shower at the ντ → τ interaction,
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and another, by the τ-decay, can be seen because of the long enough path-length (~ 1000
[E/1020  eV] km) for τ-decays observable by EUSO. Tau-neutrinos above 1015  eV, on the
other hand, will be observed and identified as Earth-penetrating “upward” showers (by
Cherenkov). High ντ flux by the νµ → ντ oscillation and the low detection threshold energy
for them allow EUSO to make oscillation experiments in space as well as ντ astrophysics of
AGN above 1015  eV.

1.2 EUSO Schematic Outline.

EUSO, originally proposed to ESA in January 2000 for a free-flyer LEO mission, has
been approved in March 2000 for an “Accommodation study” on the ISS International Space
Station. As a result, EUSO is now undergoing a “bridging phase” to enter “Phase A design”
carried out by Industry under an ESA contract (transportation and transfer to the
ISS/Columbus EPF (Fig.7)).

Under the assumption of both a LEO (~ 500 km altitude) free-flyer mission or the ISS
accommodation (400 km average altitude), the coverage of the observable atmosphere
surface at the scale of thousand kilometers across and the measurement of very fast and faint
phenomena like those EUSO is interested in, requires:

Figure 7 .  EUSO at the COF-EPF.

optical        system      with large collecting area (because of the faint fluorescence signal) and
wide equivalent field of view covering a sizable half opening angle around the local Nadir
(to reach geometrical factor of the order of 106 km2 sr),
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focal         plane         detector    with high segmentation (single photon counting and high
pixelization), high resolving time (~10 ns), contained values for weight and power,

trigger        and       read-out        electronics     prompt, simple, efficient, modular, capable to handle
hundreds of thousands of channels, and comprehensive of a sophisticated on-board image
processor acting as a trigger.

1.3 EUSO Payload: The “Main Telescope”

The EUSO Main telescope is presented schematically in the artistic view of Fig. 8. The
instrument consists of three main parts: Optics, Focal surface detector, Trigger and
Electronics System. An effective synergy between the parts constituting the instrument is
of fundamental importance for achieving the EUSO scientific objectives. Optics, detector
elements, system and trigger electronics have to be matched and interfaced coherently to
obtain a correct response from the instrument. Scientific requirements have been of
guidance for the conceptual design of the apparatus and in the choice among various
possible technical solutions.

The observation from space calls for an approach different from that of the
conventional ground based fluorescence experiments. For space application the instrument
has to be compact as much as possible, highly efficient, and with a built-in modularity in
its detection and electronics parts.

Figure 8  .  View of the EUSO Main Telescope

1.3.1 The Optics

The optical system required for EUSO aims at finding the best compromise in the
optical design, taking into account the suitability for space application in terms of weight,
dimensions and resistance to the strains in launch and orbital conditions.

The optical system views a circle of radius ~220 km on the Earth and resolves 0.8×0.8
km2 ground pixels: this determines the detector size to be adopted to observe the events.
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The forgiving resolution requirements of EUSO suggest the consideration of
unconventional solutions, identified in the Fresnel lens technology. Fresnel lenses provide
large-aperture and wide-field with drastically reduced mass and absorption. The use of a
broader range of optical materials (including lightweight polymers) is possible for reducing
the overall weight.

The present Fresnel optical camera configuration study (FoV 60°) considers two plastic
Fresnel lenses with diameter 2.5 m and iris diaphragm 2.0 m diameter.

1.1.2 The Focal Surface Detector

Due to the large FOV and large collecting area of the optics, the focal surface detector is
constituted by several hundreds of thousands of active sensors (≈2×10 5 pixels). The detector
requirements of low power consumption, low weight, small dimension, fast response time,
high quantum efficiency in UV wavelength (300−400 nm), single photoelectron
sensitivity, limit the field of the possible choices to a very few devices. A suitable off-the-
shelf device is the Multi-Anode Photomultiplier Hamamatsu R5900 series. These
commercial photomultipliers meet closely the requirements imposed by the project. Pixel
size, weight, fast time response and single photoelectron resolution are well adaptable to
the EUSO focal surface detector. The organization in “macrocells” of the focal surface (a
macrocell is a bi−dimensional array of n×n pixels) offers many advantages as easy planning
and implementation, flexibility and redundancy. Moreover, modularity is ideal for space
application. The Multi−Anode Photomultipliers represent, in this contest, a workable
solution.

1.1.3 Trigger and Electronics System

Special attention has been given to the trigger scheme where the implementation of
hardware/firmware special functions is foreseen.

The trigger module named OUST (On-board Unit System Trigger) has been studied to
provide different levels of triggers such that the physics phenomena in terms of fast,
normal and slow in time-scale events can be detected. Particular emphasis has been
introduced in the possibility of triggering upward showers (emerging from the earth,
“neutrino candidate”) by means of a dedicated trigger logic.

The FIRE (Fluorescence Image Read-out Electronics) system has been designed to
obtain an effective reduction of channels and data to read-out, developing a method that
reduces the number of the channels without penalizing the performance of the detection
system. Rows wired-or and columns wired-or routing connections have been adopted inside
every single “macrocell” (n×n pixels unit, ≈100 macrocells constitute the focal surface
detector) for diminishing the number of channels to read-out.
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4 EUSO Duty Cycle

Figure  9 .  l e f t ) -  This is Fig.10 from Yoshida et al., AstroParticle Physics 3, 1995, pp.
114: “Derived primary energy spectra expressed by Eqs. (11a) (solid line) and (11b) (dashed
line) and the expected values in each bin simulated under the assumptions of these spectra
with the energy resolution of the present experiment open squares and crosses). Black dots
with error bars are the raw data. The case of a single power up to the highest energy is also
shown by a dotted line and shaded circles.” The slope of the continuous line above 1019 eV
is 2.3; for the dashed line the slope is 2.7. The superimposed red points are from Takeda et
al., Phys. Rev. Lett. 1998, 81, pp.1163. r ight) -  EUSO counting rates under the
hypothesis of the two different spectral index assumed (see Fig.1 left).

The EUSO duty cycle has been estimated taking into account the following factors
affecting the level of background:

The ISS night time; ground locations with significant light output, natural or
anthropomorphic ; Lunar cycle ; Clouds in the FOV strongly affecting the detection or
interpretation of the EAS ; ISS activities or contingencies that do not allow the operation of
EUSO .

The likely EUSO duty cycle is resulting to be in the range 0.1-0.15; a more precise
evaluation requires a detailed assessment of the various elements, in particular of the cloud
related effects: we, in a conservative approach, use a value of 0.1 throughout this report.

5 Expected Results
The slope of the CR energy spectrum in the region of the GZK limit and above is

poorly known because of the reduced statistics available (see Fig. 1, insert). The expected
counting rates for energies e.g. above 1020  eV, are therefore difficult to define and are
strongly dependent from the assumed extrapolation for the energy spectrum. As an example,
we show Fig. 9 where the integral count rates are given respectively for a spectral index
–2.7 and –2.3: the counts per year above 1020  eV varies from 500 to 1300, accordingly. In
the following, a spectral index of –2.7 is assumed (in a conservative way).
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Figures 10 and 11 show the predicted number of EECR and neutrino events per year as a
function of energy detected by EUSO in the original free-flyer and ISS configurations. Both
configurations give comparable results within a small factor with the lower observational
altitude of the ISS (380 km) counterbalancing somewhat the sensitivity afforded by the
larger optics diameter of the free-flyer. The integral number of counts above an energy E for
the two configurations is shown in Fig. 12 assuming the 2 year operational life of the free-
flyer and a requested 3 year lifetime.

Figure 10 . Differential EECR counting rate comparison between the ISS version of
the EUSO and the original free flyer. The dashed zone shows the spectral region where
structure induced by the GZK cutoff is expected. The lens diameter is the maximum
external diameter allowed in each configuration.
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Figure 11.  The differential flux of neutrinos predicted using the Topological Defects
model of Sigl et al. (1998) and the GZK model of Stecker et al. (1991).

Figure 12.  The integral count rates above an energy E predicted for the original free
flyer proposal with 2 years of operations and the ISS configuration with 3 years
operations.
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5.1 Comparison with ground based observations
In the following, a spectral index of –2.7 is assumed whenever absolute values are

quoted for the counting rates above 5×10 19  eV. Currently only the AGASA and HiRes
instruments are operational. The AGASA experiment near Tokyo, with coverage of about
100 km2 (about 300 km2 sr), comprises a scintillator array for electromagnetic shower
particles and an array of muon detectors. The HiRes experiment in Utah consists of two
fluorescence detectors at a distance of 12.6 km and, in a first stage, just came online. Its
aperture is energy dependent and rises from 340 km2 sr at 1019 eV to 1000 km2 sr at 1020 eV.
The largest planned ground-base experiment is the Pierre Auger Observatory, presently
under construction in Argentina. This will consist of an array of 1600 particle detectors
covering 3000 km2 and 4 fluorescence light detectors, similar to the ones used in the HIRES
experiment. The hybrid detector allows cross calibration and a check of the systematic

Figure  13 .  A Comparison of the EUSO effective area with ground based facilities

uncertainties inherent in each of the techniques. The construction is expected to be
completed in 2004. By then the Auger observatory will have an aperture of 7000 km2 sr,
leading to about 30 events per year with energies >10 20  eV. Though a second Auger
observatory is planned in the northern hemisphere, it is not clear whether, and when, there
will be funding for it. Auger will produce a comparable number of events to all previously
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observed above 1020 eV in only 4 months. Nevertheless, a rate of 30 events per year is too
small to follow the CR spectrum to such energies, or to obtain the detailed form of the
spectrum with small statistical errors. At 1021 eV only about 5 events are expected in 10
years of operation. At least an order of magnitude more statistics is desirable. By the year
2006, provided Auger is completed on schedule, the world data set will comprise about 100
events above 1020 eV and perhaps one or two events above 10 21 eV, if the spectrum
continues without a GZK cutoff. The existence or non-existence of the GZK cutoff will most
likely be established by then. However, a definite answer concerning the origin and
possible identification of sources will certainly rely on the precise spectral form and on the
arrival direction distribution. In both cases good statistics are vital to distinguish between
different competing scenarios.

For EUSO an effective geometrical factor of 5×10 5 km2 sr and an observing efficiency
of 0.1 gives an expected event rate of ~500 per year for EECR with energies ≥10 20  eV (no
GZK suppression and spectral index of 2.7), or some hundreds per year with GZK
suppression. The total number of events per year with the low-energy threshold of >3×10 19

eV is >1700. For EECR neutrinos the expected rates vary from a few per year (GZK
processes, AGN, GRB sources, etc) to ~150 per year if top-down processes dominate.

.
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ABSTRACT

The TeV energy domain is covered by the use of ground based detectors. This
indirect technique makes use of the atmosphere as the sensitive volume, thus
allowing large detection areas. It has become a mature technique along the last
decade, still open to significant development avenues. Results to be presented
here concern a few objects from a variety of astronomical entities, belonging to
the Galaxy such as plerions and supernova remnants, and extragalactic ones,
i.e. blazars. The evidence of activity up to TeV energies brings in important
clues to the study of these objects, and the very large detection area also favours
variability studies. The coming generation of detectors will reach sources of
lower luminosities and their sensitivity will be extended to lower energies, down
to few tens of GeV. The common exploration with GLAST of the essentially
untackled 1-100 GeV energy domain is very promising, the highest domain for
which the Universe remains transparent up to cosmological distances.



1 Introduction

Speaking of ground based observations at a school focused primarily on space

Astronomy, it is necessary to specify their respective domains of energy. Let’s

simply refer to subdivision first suggested by T.Weekes 1) and revised by Hofff-

man et al. 2) (see also Ong 3)) between High-Energy and Very-High-Energy

- HE / VHE - respectively from 30 MeV to 30 GeV and up to 30 TeV. The

frontier is representative of the relevant techniques, direct detection from space

for HE (COSB, AGILE, GLAST ...) and ground based air showers Cerenkov

detectors for VHE. Up to now, there is no frontier contests as there exists an

unexplored region extending over about a decade on both sides, from 3 to 30

GeV and from 30 to 300 GeV, with essentially no data. Needless to say that

many open questions bump against this region so that its exploration does

constitute a major objective.

2 The Atmospheric Cerenkov Technique

The ground based observations with the use of Atmospheric Čerenkov Tele-

scopes (ACT) allow sensitive areas several order of magnitudes larger than the

direct detection from space, typically 105m2 against 1m 2. Besides, the at-

mosphere constitutes a very massive ’calorimeter’, any estimator of the shower

amplitude is an estimator of the primary energy. On the other hand, the ground

based observations suffer from the difficulty to separate γ-rays from charged

cosmic rays (CRs), since there is no veto against charged particles as can be

done around a compact detector in space. The good angular resolution - of

typically ≤ 0.1o on each event - favours the search of point sources out of an

intense background of diffuse CRs. However, the success of the Čerenkov tech-

niques relies strongly on the demonstrated possibility to separate γ-events over

hadron events.

Its foundation dates back to the Galbraith and Jelley experiment in

1953 4) which established that the Čerenkov light first observed in liquids

can be also be generated in gases. The detection of air showers through the

Čerenkov light has been pursued ever since. The indirect detection of the

charged secondaries by Čerenkov light gives access to much lower γ-energies:

the light propagates with limited absorption down to the ground while charged

secondaries reinteract and get absorbed. This light collection is handled by
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Figure 1: Image of γ initiated air showers. Left: longitudinal and transverse
shower profiles from simulations of TeV γ events. Right: an event observed
with the ≈ 600 pixel camera of the CAT telescope.

focusing devices. Fast photomultipliers (PMT) can be exploited allowing to

beat the night light, which amounts to about 1 photon/ns m2 sr mostly from

the Milky Way. The prices to pay are that of low duty cycles (moonless and

cloudless nights) and small angular acceptances. Some attempts to turn this

difficulty around are presently in a validation phase : running at higher alti-

tudes to reach moderate energies, they are also based on improved detection

techniques, using water detectors for MILAGRO, near Los-Alamos or ”resistive

plate chambers” for ARGO in Tibet 6) 5).

2.1 The imaging

The ’ground braking’ experiment is that of the Whipple observatory, nearly 20

years after the large dish telescope of 10 m diameter has seen its first light (in

1969). The break-through came from the imaging of the shower based on a

multi-pixel camera, with 37 PMTs at first. The images happen to fulfill two

independent roles, their position in the camera plane provides an information

on the direction of the shower, and their shapes allow a differentiation of gamma

(γ)versus hadron showers. The γ induced shower propagates grossly from 12

km to 3 km asl (above sea level) with a lateral expansion of ≈20 m from axis.

The shower propagation can be described as a propagation at light speed of a

narrow and thin bright disc illuminating downwards, within a limited angular



cone. The image of this thin bright rod, from a point of observation within

≈100 m from the shower axis, is compacted into an elliptic shape aligned with

the source-point, at the center of the camera (as the telescope is tracking that

source). CAT shower images shown in Fig1 illustrate the imaging concept. The

600 PMT camera affords an image resolution of about 0.1 degree.

The shower image is analysed in terms of its first order moments, accord-

ing to M.Hillas prescriptions upgraded by M.Punch’s ”supercut” method 7).

The relevant information is the total number of photons, the main axis posi-

tion, the length and width. Conventionally the signature of a source signal is

expressed by the statistical significance of the peak at zero of the parameter

α which measures the misalignment of the image main axis from its expected

radial disposition. The CR events should be uniformly distributed in α.

Thanks to the high resolution camera, higher order information can be

exploited in the case of CAT. Each image is fitted in direction, energy, distance

of impact and source point, against templates which have been simulated ac-

cording to sets of discrete values of these parameters (see Fig.1, left frames).

Each individual γ shower image can then be reduced in terms of a two cordinate

point in the sky map, plus an energy estimator 8).

A few observatories established since 1990, after the first success of the

Whipple 10m diameter telescope, have reached comparable sensitivity with

smaller collection mirrors, either exploiting a stereoscopic multi-telescope tech-

niques in the case of HEGRA or a higher resolution imaging in the case of

CAT and CANGAROO. Both lines of improvements have proven to be very

useful, and both will be invested jointly in the future programs of HESS, VER-

ITAS and CANGAROO-II,III, while for MAGIC, which places the emphasis on

highly improved imaging, the addition of a second telescope is also considered

(see Table 1).

2.2 Distributed sampling

The imaging technique is not the only method. Large arrays of moderate size

telescopes, each one equiped with a unique PMT have been exploited with some

success. In fact, the first confirmation of TeV emission from the Crab nebula

observed by Whipple came from the Themistocle array in the French Pyrénées

consisting of 18 telescopes of only 0.2 m2 each.

To exploit the 1-2 ns duration of the Čerenkov pulse, the difference in



Imagers Countries Nb of teles- Nb of Ethreshold

Site copes x Area pixels (GeV)

Whipple North USA 1 x 75 m2 91 (+18) 250
Arizona UK, Ireland 380 (+111) 100-200
7 TA North Fapan 7 x 3 m2 3 x 256 250
Utah UK, Ireland 100-200
Cangaroo South Japan 1 x 30 m2 512 300
Woomera Autralia Australia 1 (→4) x 57 m2 552
HEGRA North Germany 5 x 8.5 m2 271 1000 (1 t.)
Canaries Spain 500 (4 t.)
NARRABRI Sth UK [3 x42m2] 91 300
Narrabri Australia Australia same mount
CAT North France 1 x 18 m2 546 (+50) 250
Thémis France Tch. Rep.
TACTIC North India 1 x 18 m2 349 300
Mt Abu, India +2 no-image

Solar Plants Nb of Heliostats
Site x Area

CELESTE North France 40 x 54 m2 one per 35 (trigg.)
Thémis France Tch. Rep. → 53 x 54 m2 heliostat 60 (anal.)
STACEE North USA 48 x 37 m2 id. 100
Sandia Arizona Canada
Keck-Solar2 North USA 32 x 40 m2 id. tests
Barstow California → 64 x 40 m2 in progress

Other ACT

PACT North India 25 x 105m2 7 mirrors 3000
Pashmari India 25 x 105m2 /telescope

Non ACT Detector Altitude
Site Area

Milagro North USA Water Čerenkov 500
Fenton Hill, NM m2 2.6 km
Tibet HD North Japan Scintillators 4.3 km 3000

China
ARGO North Italy RPC detect. 4.3 km tests
Tibet China 50 → 104 m2 in progress

Table 1: Existing ACT’s. In this table North and South refer to the northern
and southern hemispheres



Source Type Red- Date of EGRET Grade
shift z discovery (T.W.)

Galactic sources

Crab Nebula Plerion 1989 yes A
PSR 1706 - 44 Plerion ? 1995 no A
Vela Plerion ? 1997 no B
SN 1006 SNR 1997 no B
RXJ 1713-3946 SNR 1999 no B
Cassiopeia A SNR 1999 no (C) A
Centaurus X3 Binary 1999 yes C

Extragalactic

Markarian 421 XBL 0.031 1992 yes A
Markarian 501 XBL 0.034 1995 yes A
1ES 2344 +514 XBL 0.044 1997 no C
PKS 2155 6304 XBL 0116 1999 yes B
1ES 1959 +650 XBL 0.048 1999 yes B
1ES 1426 -427 XBL 0.129 2001 no A

Table 2: Source Catalog

trajectory of light must be compensated as this extends over a millisecond scale

between telescopes. This timing correction must be dynamically built-in, since

the time delays vary continuously during the tracking of a source. The foot print

of γ-events will then be made of the response of each telescope in number and

in arrival time of the collected photons. This ”light pool sampling” pertains

information on the shower core, on its axis. Its spatial distribution - from

telescope to telescope - plays a role similar to that of the image configuration

to separate hadron from γ-showers.

The sampling method is used by experiments presently exploiting solar

plant arrays, CELESTE, STACEE and SOLAR-2. Collected by large ”he-

liostats” of 30-50 m2 the light is focused at the top of a central tower. Follow-

ing a scheme first proposed by T.Tumer 9), a secondary optical device is set

at the tower top which distributes the collected photons to individual PMTs,

one per heliostat. This restaures the independent collection of photons for each

heliostat, a prerequisite to correct for the time lags which vary continuously.

The huge total mirror area permits to lower the threshold to a few tens of GeV.



Experiment Countries Focal l. / Diameter Nb of year of
Site Nb tel. x Mirr. area pixels first light

Cangaroo-III South Japan F/D = 8/10 (m) 512 2001
Woomera Autralia Australia 4 x 57 m2 (2003)
HESS South Germany F/D = 15/12 (m) 800 2002
Namibia France, UK 4 (16) x 100 m2 (2004)
VERITAS North USA F/D = 12/10 (m) 499 2005
Arizona UK, Ireland 7 x 75 m2

MAGIC North Germany F/D = 20/17 (m) 800 2002
Canaries Spain, Itlay 1 (→ 2) x 220 m2

MACE North India F/D = 20/17 (m) 800 2007
Canaries (→ 2) x 220 m2

Table 3: Future ACTs

3 Early motivations and new avenues of high energy gamma as-
tronomy

For several decades, the unique evidence of very high energy phenomena was

that of cosmic rays, a puzzling phenomenon by its huge amplitude, of about 1%

of the mass energy of the Galaxy. The series of space detectors, from SAS-2, to

COBE and EGRET aboard CGRO, were aimed primarily at the search of CR

acceleration sites and the determination of acceleration mechanisms. Before

EGRET, there were no other known HE phenomena, apart from a few pulsars

and the serependitous discovery by COBE of a single extragalactic source,

namely 3C-273 already known as an active galactic nucleus (AGN). In the

eighties, at multi TeV energies, violent activities from a few sources (Cygnus

X3, Hercules X1) had been claimed by air shower experiments either based on

charged secondaries or Čerenkov detection. Rare are the authors still giving

much credit to these observations ... which did contribute significantly to the

deployment of present VHE activities. A new era started with the last decade,

with the launch of CGRO and with the first firmly established evidences of

detection of TeV γ-rays from the Crab nebula by the Whipple group 12) in 1989.

The main contributions of EGRET, the HE gamma detector aboard CGRO,

are the discovery of the emission from ≈70 blazars. Other topics concerning

the Galaxy have been approached, mostly :

- the observations of a few supernova remnants, possible sites of CR ac-



Figure 2: Top, the two component Crab nebula (unpulsed) emission: the (S)
Synchrotron and (IC) Inverse Compton. The behaviour in the intermediate
energy region needs to be confirmed; in particular, EGRET data are extracted
from the above phasogram dominated by the pulsed contribution.

celerations;

- the energy spectrum of the energetic pulsars;

- the improved cartography of diffuse Galactic γ-rays;

- an abundant wealth of unidentified sources, partly located in the neigh-

bouring molecular clouds which constitute the Gould belt 10). The VHE re-

sults from ground based observatories which we shall now concentrate upon,

are a way complementary to those from HE as they deal with the same sort of

objects, the pulsars and their nebulae, the supernova remnants and the blazars.



4 The Crab plerion : a supernova remnant nebula energized by a
pulsar

The Crab nebula originated in a supernova noted by the Chinese astronomers

about 1000 years ago. Seen at all wavelengths, from radio to TeV energies,

it is energized by the collapsed residual star, a 33 ms pulsar which is itself

observed from radio up to GeV energies. Such a system is designated as a

plerion. The pulsed emission is of course attributed to the pulsar while, rather

conventionally, the whole unpulsed emission is attributed to the nebula.

The signal obtained from ground observation around 1 TeV, was much

too intense to match in continuity with either the pulsed or unpulsed lower

energy emissions. For this indirect and by then a new technique, the question

of flux calibration had to be settled. This was obtained with the convergence

of data from the Themistocle experiment which extended the observations to

over 10 TeV. So was clearly established by ACT, that a new process was at

stake, able to generate the most energetic γ-rays ever detected.

As no sign of pulsation could be evidenced, the process was assigned to the

nebula. This was not quite unexpected and a scheme was at disposal, at least

since 1965, when R. Gould 13) published his paper with the explicit title : “High

Energy photons from the Compton-Synchrotron process in the Crab nebula”.

Energetic electrons in a magnetized environment, thus producing photons by

synchrotron emission, may boost some of these photons up to TeV energies by

Compton scattering. This is referred to as the ”inverse Compton”, because

the observable signal can arise only from those photons recalling backward,

in the direction of the incoming electrons and borrowing a large part of its

energy. These high energy γ rays provide us with a rather conform image of

the electron spectrum, somewhat distorted however at the highest energies by

the Klein Nishima relativistic regime. The spectral energy distribution (νfν)

shown in Fig.2 illustrates this two regime emission of the Crab nebula.

Soon after this observational break-through, a detailed model of the Crab

nebula emission has been worked out by A. Harding and O. DeJager 14) based

on a nearly parameter free MHD model of the nebula. A recent version of

this model has been discussed by O.DeJager 16). Other descriptions have been

proposed, but the basic scheme of R. Gould has been preserved, as worked out

in the phenomenological analysis by Hillas 15), leading to the evaluation of

magnetic field and that of the electron spectrum within the nebula.



Figure 3: Right : the polar cap and the outer gap models as visualised by
A.Harding. Left :three pulsar candidates for high energy cutoff, with indications
of the domain of detector sensitivity (also from A.Harding).

As we shall see later, the blazars present convincing evidences for a sim-

ilar two level process, of synchrotron and inverse Compton emissions referred

as the SSC mechanism, for Self Synchrotron & Compton. In this perspective,

the Crab nebula appears as a superb laboratory for high energy phenomena

occuring in other contexts within the cosmos. The SSC scheme for the Crab

nebula has got quite a large consensus although the relevant data remain scarce.

There is a wide energy region ≈ 3 to 300 GeV, void of any firm observation.

The unpulsed emission is well observed in X-rays by the GRIS balloon flights

and it extends in the γ MeV domain as seen by COMPTEL (aboard C-GRO).

But the pulsed regime largely takes over in the EGRET energy domain and it

becomes even questionable to sort out any isotropic continuum from the pulsar

phasograms, see Fig.2-bottom. However, as seen on the EGRET Crab phaso-

gram from Fierro et al. 11), in Fig.2-down, for all data above 100 MeV, any

continuous contribution appears as marginally small. Beyond the unobserved

energy domain, the situation has again reversed, with a totally unpulsed con-

tribution. The cumulated spectrum from all ACT observatories displayed a

smooth energy decrease, well fitted by a unique power law. More recent data

do show some evidence of a curvature compatible with a turn over around

100 GeV. The contribution from the CELESTE experiment, at about 60 GeV,

brings in a first direct confirmation of the SSC prediction.



5 Pulsars

Pulsars are well defined objects, with a mass of ≈ 1.4 solar mass within a radius

of some 10 km (resulting in a same momentum of inertia for all). At birth,

they inherit of the star rotation momentum and of its compacted magnetic

field. As the magnetic dipole and the rotation axes are usually not aligned, the

sweep of the magnetic field generates a powerful electric field pulling electrons

out of the star surface, and accelerating them. The pulsed radiation is emitted

by the electrons from within the rotating magnetosphere, by bremstrahlung,

synchrotron, or curvature radiation, or by Compton interaction (see Fig.3).

Although there is no conceptual uncertainty about the overall machinery,

the debate is still open on whether the radiation arises from near the star

surface in the magnetic pole region or from some distance away within the

magnetosphere. These are respectively the ”polar cap” and the ”outer gap”

models (Fig.3-left).

As is often the case, the highest observable energies constitute a criteria to

distinguish between the two classes of models. The polar cap predicts a sharp

cut-off in energy while the outer gap leaves a priori more flexibility. Seven pul-

sars only (out of a few hundreds) are emitters up to the GeV domain as observed

by EGRET. Their cut-off energies fall into the no man’s land of few tens of

GeV and will be measured with GLAST (Fig.3 right). But ground based obser-

vatories could do the job before, either with HESS observing PSR1706-44 from

the southern hemisphere, and with MAGIC or even sooner with CELESTE

or STACEE observing PSR1951+32 from the northern hemisphere which have

both an expected cutoff at ≈ 40 GeV 16).

6 Search for cosmic ray acceleration sites

As recalled above, the CRs constitute the most striking evidence of non ther-

mal very energetic phenomena in the Galaxy. A large effort has been focused

on this issue which indeed has remained the first motive for the CGRO pro-

gram. For the last few decades, the guide line has been to investigate primarily

the regions of shocks at the outskirts of supernova remnants colliding against

neighbouring dense molecular clouds. Shell type nebulae present X-ray evi-

dences of synchrotron emission from energetic electrons. Whether protons are

also accelerated - which could then feed the Galaxy with CR’s - is the question.



Figure 4: The Cassiopeia A signal is now firmly established on the basis of
232 hoours of cumulated observation by HEGRA. The solid and dashed lines
represent evaluations of Inverse Compton productions while the dotted curve is
the expectation for a CR acceleration site (γ’s from πo decays) .

If so, some of them interacting with nearby matter, will produce πos immedi-

ately decaying into γ-rays. An E−2 power law, as expected from shock wave

acceleration.which is also needed to account for the E−2.7 CR distribution (in

as much as the E0.7 law still holds for the leakage out of the Galaxy instead of

E0.3 as suggested by the CR modelisation of Strong et al. 17)). This E−2 fall

off matches with the sensitivity scales of the space and ground detectors, so

that a genuine CR source could normally be tracked down from GeV to TeV

energies. Nevertheless, out of 20 candidate sources, EGRET has detected ener-

getic γ-rays from the few following objects : W44, W51, W63, Tycho, γ-Cygni,

and IC448, none of which could yet be tracked down by ACT observatories.

ACTs have made at least as many attempts to reach altogether about a

similar score, with positive observations from even fewer objects (see Table 3).

The HEGRA team invested a huge effort - with 232 hours on source - to track

down γ emission from Cassiopeia-A although this SNR has not been seen by

EGRET (see Fig.4). 18) Altogether, this large effort has led to a rather puzzling

situation which differs severely from the expected one-to-one correspondence

between GeV and TeV observations. Whether more exotic hypotheses - accel-

eration at the outskirts of large bubbles or by Galactic γ-ray bursts ...- must

or not replace the twenty years old guess in favour of SNRs is a licit question.



7 Quasars and Blazars

Alike TeV γ-rays from the Crab nebula, the first extragalactic TeV γ-rays were

detected by the Whipple group. The observed source Markarian-421 (Mrk-421)

was published in 1992 7). Its more than 5σ statistical evidence resulted from

the reprocessing of the data with an improved version of the Hillas momentum

analysis, the so-called ”super-cut” method developed by Michael Punch in the

course of his doctoral thesis. Four years later, another extragalactic source was

discovered, again by Whipple, Markarian-501 (Mrk-501), an object similar to

Mrk-421. These observations have been confirmed by other groups (such as

HEGRA, CANGAROO and CAT).

7.1 What is a Blazar ?

At the time of these discoveries neither of these two objects had been seen by

EGRET, as if there was a discontinuity between the HE and VHE domains as

was indeed the case for Crab pulsar & nebula). Of the extragalactic EGRET

sources that could be matched with an object previously seen at some other

wavelengths all but one, Cen-A (a nearby galaxy) were blazars. Now under-

stood as AGN having an associated jet in our direction, they are so named after

the BL-Lacerda galaxy. The relativistic Doppler boost δ = [Γ(1 − βcosθ)]−1

, with a typical Lorentz factor Γ ≈ 10 enhances the observed energies in pro-

portion of δ (δ ≈ 2Γ at θ ≈ Oo), while the time scale is reduced as 1/δ. The

apparent flux is strongly enhanced, according to Lapp ≈ δ4L. Alike the Crab

nebula, the blazar emissions extend over a very large domain of energy, pre-

senting a broad double structure with an energy separation by factor of ≈ 108

between both maxima in the spectral energy distribution (νfν). But, from

blazar to blazar, there are wide variations of the overall scale: the first bump

may lie in radio or up to X-ray wavelengths, the second bump being shifted

accordingly. They are designated either as radio-blazar and X-ray-blazar (RBL

/ XBL) or, equivalently, as low and high energy blazars (LBL / HBL). The first

bump is commonly attributed to synchrotron radiation of energetic electrons

injected in a magnetized plasma (with the expected polarization). The high

energy bump has often been tentatively attributed to accelerated protons with

subsequent π0 productions (decaying into 2 γs). Such a scheme would provide a

direct relation between VHE γ-rays and VHE neutrinos (decay products from
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Figure 5: Spectral energy distributions (νfν = E2dN/dE) for Mrk 501 during
the flare of April 1997 (right) from X rays to TeV domains. Details of the TeV
part for Mrk501 and for Mrk421 (left).

π+/−). The alternative is a purely electromagnetic process as for the Crab

nebula.

In Fig.5, the flare of Mrk501 in April 1997, illustrated with the CAT

data 19), together with the X-ray observations by Beppo-Sax satellite. Al-

though there exists no data in between the keV and TeV regions, the double

bump struture is at least not contradicted by the data which approach the

respective maxim, from below in the X-ray domain and from above in the TeV

domain.

7.2 Blazar variability

Blazars display irregular behaviour, varying by large factors in amplitude on

small time scales, typically by factors of 10 and duration of as short as a day.

Ground observations, at VHE energies, fully confirm this behaviour and even

reinforce it significantly. The two best observed Markarian objects often lie

below the present sensitivities and can raise up to 10 times the level of the

Crab. The light curve of Mrk-501 for its flaring period of March 1997 has

occasionnally been quoted 20) as the founding picture of the ACT astronomy

by proving the agreement and complementarity of five different observatories.

The evidence of a time correlation between X-ray and TeV emissions is



illustrated in Fig.5. The short time variability pleads for a compact region of

emission logically located at the onset of the jet structure. The time coincidence

of X-ray and γ-ray flares pleads for a single primary excitation within a same

confined space. Variability on a time scale much shorter than a day have

been observed on several occasions. The fastest change of rate ever observed is

probably that of Mrk-421 in 1996 May flare, with a rate doubling in 10 minutes

of time. This is about the light transit time from the Sun to Earth. Even

corrected for a time Lorentz compaction of typically a factor of 10, this remains

a surprisingly small region of emission. This fast time variation constitutes a

key element in the elaboration of a model of emission.

The ACTs give access to short time scales and this will remain a supe-

riority of ground based observatories. While space detectors are better suited

for large surveys, the variability is best measured - on a given source - by the

ground based detectors, in proportion of the geometrical collection area.

The presently unobservable energy domain should become soon the best

measured domain as it will be accessed by the ACTs and by GLAST. Cross

checks will become possible within this highly strategic energy domain and,

complementary information will be supplied. At full extensions of their foreseen

arrays VERITAS and HESS will reach a sensitivity to variability 105 higher

than that of GLAST. The complementarity will remain essential.

7.3 The SSC - and EC -models

The fast variability is in favour of the primary electrons instead of protons, as

the synchrotron radiation is an efficient mechanism to damp swiftly the electron

energies. The target photons for the inverse Compton interactions may proceed

also from other sources than the synchrotron effect, e.g. the thermal emission

from the acretion disk. This is rather likely for XBL blazars which present

emission lines. This extension of the SSC model is the EC model (for External

Compton). Of course, too much damping will prevent electrons to reach the

highest possible energies. An anti-correlation between intensity and energy

is thus expected which seems to hold pretty well, at least statistically. As

illustrated by Fig.6, ≈70 blazars are subdivided in 5 sub-samples 22) according

to their absolute intensity (corrected for distance) at radio frequency of 10 GHz.

All five classes show the double bump typical of the SSC or EC scheme. The

intrinsically brightest blazars are low energy (LBL) type. Conversely, the HBL



Figure 6: A large sample of blazars (from FSRQ to XBL) has been subdivided
within 5 subsamples according to their absolute brightness at radio wave length.
Each group is well represented by a single parameter law built upon the hypoth-
esis of associated synchrotron & inverse Compton emissions (see text).

blazars tend to be less bright. Mrk-421 and Mrk-501 data fit well within the

overall scheme as part of the utmost energetic group of blazars. The question

is now whether the ACT observations can contribute to the comprehension the

overall story.

The SSC guide line leaves open the question of the primary electrons.

To the least, it permits to deduce from the data, both the energy spectrum

of the primary electrons and the magnetic field intensity. The driving force

in the case of the Crab plerion was the rotation energy spinning an intense

dipole magnet. In the case of AGNs the driving force is the gravitation fall off,

and possibly the black hole rotation. There exists models - but not a unique

and unambiguous scheme - to generate flares of energetic electrons or protons

out of such a machinery. Very likely, it will require many more measurements

and tentative modelisations before this question can be mastered. The spectra

of the utmost energetic γ-rays is likely to contribute in some essential ways.

This is again a specific capability of ACTs to afford precise spectra, particularly

during intense flares. A large observational effort is invested into this direction,

e.g. the curvature studies of Mrk-421 and Mrk-501 spectra by all the major

observatories. In the recent period, at least one new blazar, 1ES1426 23), has

been seen by the Whipple and by HEGRA and marginally by CAT, which

might also bring a new light on the problem of VHE absorption by the diffuse

infrared light. This is the question which we now investigate.



8 Diffuse infrared interstellar absorption

Both Mrk-421 and Mrk-501 are nearby objects, with redshifts of about z ≈

0.03. The choice of these targets in the Whipple observational program had

been based on this characteristic, not only because of the geometrical d−2 flux

dependence, but T. Weekes and others were aware of the Universe opacity to

VHE γ-rays because of their interaction with diffuse light, with γγ conversions

into e+e− pairs. Necessarily, γ-rays of ≈1000 TeV (1015eV ) will interact agianst

the cosmological microwave background. This is similar to the GZK effect

for protons (Greizen, Zeldovitch and Kuzmin) and constitues an high energy

end point of γAstronomy. It occurs at lower energies for γ than for protons

(≈ 1019eV) because the e+e− mass is smaller (by a factor ≈100) than the first

hadron excitation levels.

Besides the 2.7oK, the infrared diffuse light from stars and interstelar

dusts is likely to affect VHE γ-rays . The deep Universe is transparent in the

HE doamin, while the ACTs have a limited optical depth. However,for Mrk-

421 and Mrk-501, there is today no indication evidences that they are affected

by the infrared absorption, no sign of an abrupt cut-off, if we except the above

quoted paper of Krennrich et al. on Mrk-501.

The direct measurement of the infrared diffuse light is not easy because of

the intense foreground from our own Galaxy (the zodiacal light). The present

knowledge combining direct measurements and an evaluation deduced from

galaxy counts and star formation hypothesis leads to maximal contributions at

both ends, the near IR neighbouring the optical light (directly from stars) and

the far IR 2.7oK (from star light reprocessed through dust heating). The valley

in between is the most problematic region, and this is precisely the region of

concern for 10 TeV γ-rays. As no cut-off effect is evidenced, the TeV data can

only afford relevant upper limits shown in Fig. 7-left, from Renault et al. 24).

The present situation is very encouraging as it points toward major progress

at relatively short terms. The energy region of utmost interest in this context

is precisely the unexplored region, in the domain of a few tens of GeV. The

blazar being transient sources, the determination of their spectral shape is more

difficult as it implies a good sensitivity for a limited time of observation. The

number of blazar candidates should increase thanks to a better sensitivity, and

to access to lower energy blazars and to larger z-values. This last point is illus-

trated in Fig 7 showing the optical depth with energy as evaluated by Blanch et



Figure 7: Left : The upper figure illustrates the present level of knowledge on
the diffuse intergalactic light (in mw/mm2sr), at close infrared (stars) and at
far infrared (dusts), with a poorly known valley in between. In the lower figure,
the energy spectrum of Mrk 501 in the TeV domain appears as a smoothly
decreasing curve in νfν . The reconstructed Mrk501 spectra at the source, based
on the 3 hypotheses sketched in the upper figure, present awkward rises beyond
10 TeV. This sets an IR upper limit at the level of the dotted line. Similar
results were obtained by varying the depth of the valley at 10 µm. Right : based
on realistic evaluations of star formation history, the optical depth versus γ
energies for different z-values is evaluated. The respective contributions from
close and far IR are easily distinguished.

al. 25). The expected cut-off values would be facilitated if the genuine spectral

shape was known a priori. This could be settled if an SSC-EC model could

be asserted. The information deduced from infrared absorption would then

resort not only to the diffuse light in the present Universe but to its evolution

down to the z-value of the observed blazars. The absorption will then have

the z-dependency of both the VHE γ-rays and diffuse light. If chance permits,

these studies could possibly be extended to redshifts z ≥ 2 thus informing us

on the history of star formation which itself should depend on the dark matter

constituents.

The very recent evidence for the emission from 1ES1426 is quite impor-

tant. Its spectrum needs to be studied with great care. Its redshift is z=0.12,

that is four times as large as that of Mrk-421 and Mrk-501. Much should

be understood after fuller analysed and hopefully after more data is collected



(which depends on its level of activity).

9 Conclusions

The ground based γ Astronomy has been for quite a long time just a dream

in the mind of aventurous scientists ready to devote their life time for the sake

of a new chapter of science, against the disbelief of most of their colleagues.

The ACT is now a firmly established means of access to VHE (TeV) γ rays.

The evidence for VHE (TeV) γ cosmic sources of various categories is also

firmly established. Although the quest for VHE energies started long before the

systematic investigations - from space - of HE (GeV) γ sources, it so happened

that the two domains of HE & VHE γ Astrophysics reached their golden age

in the last decade. However, there remains, in between, an unexplored region

ranging from a few GeV to a few hundreds of GeV. It is as if a generation

of accelerators (or two) was missing to high energy physicists. With such

a remaining gap, no surprise that, from source to source, there is as much

contrast as there is an unescapable continuity, as we have seen for instance for

the ’school case’ of the Crab nebula.

Higher sensitivity instruments will be deployed both in space and on the

ground in the next decade. The unexplored region, today the focus of so

many interrogations, will then become the best explored region, cumulating

information from both classes of observatories, associating wide angular surveys

(from space) with well resolved time variations (from ground).

Partly from this totally new window and partly from improved sensititvi-

ties at other energies, progress should be at hand for the long lasting question

of the origin of CRs and for the modelisation of pulsars, plerions and blazars.

Most likely, contributions to other domains will be open, e.g. for the search

of dark matter and/or the study of γ ray bursts, not excluding serependitous

discoveries.

alluded to.
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ABSTRACT

The energy domain between 10 MeV and hundreds of GeV is an essential one for
the multifrequency study of extreme astrophysical sources. The understanding
of spectra of detected gamma rays is necessary for developing models for ac-
celeration, emission, absorption and propagation of very high energy particles
at their sources and in space. After the end of EGRET on board the Compton
Gamma Ray Observatory this energy region is not covered by any other exper-
iment, at least up to 50 GeV where ground Cerenkov telescopes are beginning
to take data. Here we will review the status of the space experiment GLAST
that will fill this energy region from March 2006 with particular emphasis at
the connection with all the other ground and space planned experiments and
at the contribution of GLAST to particle physics.
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1 GLAST

The techniques for the detection of gamma-rays in the pair production regime
energy range are very different from the X-ray detection ones. For X-rays detec-
tion focusing is possible and this permits large effective area, excellent energy
resolution, very low background. For gamma-rays no focusing is possible and
this means limited effective area, moderate energy resolution, high background
but a wide field of view (see figure 1). This possibility to have a wide field of
view is enhanced now, in respect to EGRET, with the use of silicon detectors,
that allow a further increase of the ratio between height and width (see fig.2),
essentially for two reasons: a) an increase of the position resolution that allow
a decrease of the distance between the planes of the tracker without affect the
angular resolution, b) the possibility to use the silicon detectors themselves for
the trigger of an events, with the elimination of the Time of Flight system, that
require some height.

Figure 1: Detector Technology: X-ray versus Gamma-ray.
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Figure 2: EGRET(Spark Chamber) versus GLAST (Silicon Strip Detector).

The Gamma-ray Large Area Space Telescope (GLAST) 1), has been se-
lected by NASA as a mission involving an international collaboration of parti-
cle physics and astrophysics communities from the United States, Italy, Japan,
France and Germany for a launch in the first half of 2006. The main scientific
objects are the study of all gamma ray sources such as blazars, gamma-ray
bursts, supernova remnants, pulsars, diffuse radiation, and unidentified high-
energy sources. Many years of refinement has led to the configuration of the
apparatus shown in figure 3, where one can see the 4x4 array of identical tow-
ers each formed by: • Si-strip Tracker Detectors and converters arranged in 18
XY tracking planes for the measurement of the photon direction. • Segmented
array of CsI(Tl) crystals for the measurement the photon energy. • Segmented
Anticoincidence Detector (ACD). The main characteristics are an energy range
between 20 MeV and 300 GeV, a field of view of ∼ 3 sr, an energy resolution
of ∼ 5% at 1 GeV, a point source sensitivity of 2x10−9 (ph cm−2 s−1) at 0.1
GeV, an event deadtime of 20 µs and a peak effective area of 10000 cm2, for a
required power of 600 W and a payload weight of 3000 Kg.

The list of the people and the Institution involved in the collaboration
together with the on-line status of the project is available at http://www-
glast.stanford.edu. A description of the apparatus can be found in 2).
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Figure 3: The GLAST instrument, exploded to show the detector layers in a
tower, the stacking of the CsI logs in the calorimeter, and the integration of the
subsystems.

366



Figure 4: Spectral energy distributions of the quasars 3C 279 during flaring
state (in red) and non flaring state (in green).

1.1 Active Galactic Nuclei

Before EGRET, 3C 273 was the only active galactic nucleus (AGN) known to
emit high-energy gamma rays. Now we known that there is an entire class of
active galaxies that probably represent the largest class of high energy gamma-
ray emitters: the blazars. Blazars are flat radio spectrum, active galactic nuclei,
or AGN, whose members include BL Lac objects and highly polarized and
optically violently variable quasars that often emits more in gamma-ray than
in any other frequencies (see figure 4). For a review on AGNs see reference 3).
GLAST will dramatically extend the number of observed AGNs, as well as
the energy range over which they can be observed. Indeed, GLAST might be
called the ”Hubble Telescope” of gamma-ray astronomy as it will be able to
observe AGN sources to z ∼ 4 and beyond, if such objects actually existed at
such early times in the universe. Figure 5 shows the so called Log N versus
Log S distribution, where N is the number of sources and S is source flux for
Eγ > 100 MeV, for AGN. The curve is extrapolated from EGRET data and an
AGN model of the diffuse gamma-ray background based on the assumption that
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Figure 5: Estimate of the number of AGNs that GLAST will detect at high
latitude in a 2 year sky survey compared to EGRET’s approximate detection
limit.

Figure 6: Number of photons detected by EGRET from 3C279 and the number
expected with GLAST in the case of extragalactic background light attenuation
and without attenuation.
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AGN sources follow a luminosity function similar to flat spectrum radio quasars.
Extrapolation from EGRET AGN detections projects that about 5,000 AGN
sources will be detected in a 2 year cumulative scanning mode observation by
GLAST, as compared to the 85 that have been observed by EGRET in a similar
time interval. This large number of AGN’s covering a redshift range from z ∼
0.03 up to z ∼ 4 will allow to disentangle an intrinsic cutoff effect, i.e., intrinsic
to the source, from a cut-off derived from the interaction with the extra galactic
background light, or EBL. Only by observing many examples of AGN, and over
a wide range of redshifts, one can hope to untangle these two possible sources
of cutoff. In figure 6 is shown the number of photons detected by EGRET
from 3C279 and the number expected with GLAST in the case of extragalactic
background light attenuation and without attenuation. Determination of the
EBL can provide unique information on the formation of galaxies at early
epochs, and will test models for structure formation in the Universe.

1.2 Gamma-ray burst

Gamma-ray bursts (GRBs) are intermittently the most intense and most dis-
tant known sources of high-energy gamma rays; at GeV energies, the brightest
GRBs are 1000-10,000 times brighter than the brightest AGN. The unparal-
leled luminosities and cosmic distances of GRBs, combined with their extremely
fast temporal variability, make GRBs an extremely powerful tool for probing
fundamental physical processes and cosmic history.

GLAST, in concert with the Gamma-ray Burst Monitor, will measure the
energy spectra of GRBs from a few keV to hundreds of GeV during the short
time after onset when the vast majority of the energy is released. GLAST will
also promptly alert other observers, thus allowing the observations of GLAST
to be placed in the context of multiwavelength afterglow observations, which
are the focus of HETE-2 and the upcoming Swift missions. The additional
information available from GLAST’s spectral variability observations will be
key to understanding the central engine.

Figure 7 illustrates a very intense, short GRB. The true EGRET time
profile is very uncertain because the ∼ two hundred milliseconds EGRET dead
time per photon is comparable to GRB pulse widths; hence, many more pho-
tons may have been incident on EGRET during the extremely intense initial
pulse. The GLAST dead time will be ∼ 10,000 times smaller, thus allowing
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Figure 7: EGRET and BATSE light curves of the Superbowl burst, GRB930131.
The burst consisted of an extremely intense spike, followed by low-level emission
for several seconds. The true temporal development at energies >100 MeV is
uncertain since EGRET dead time is comparable to GRB pulse widths.

Figure 8: EGRET and BATSE light curves of GRB940217. Burst cessation
at BATSE energies occurs at 160 s. Extended emission at EGRET energies
persist beyond an intervening earth occultation, up to 5000 seconds after the
BATSE event.
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a precise measurement of the gamma-ray flux during the peak. This charac-
teristic together with its larger field of view and larger effective area, should
permit to detect virtually all GRBs in its field of view reaching the ”the edge”
of the GRB distribution, as does BATSE. Figure 8 shows another intense burst
with very different temporal character which occurred in EGRET’s field of
view on 1994 Feb 17. At BATSE energies (25 - 1000 keV), this event per-
sisted for ∼160 s; however, at EGRET energies, it apparently continued at
a relatively high flux level past an Earth occultation, for at least 5000 s, to
deliver a delayed ∼ 18 GeV photon. GLAST, with negligible self veto, will
have good efficiency above 10 GeV and it will be able to localize GRBs with
sufficiently high accuracy to enable rapid searches at all longer wavelengths.
About half of the 200 bursts per year detected by GLAST will be localized
to better than 10 arc minute radius, an easily imaged field for large-aperture
optical telescopes.

Figure 9: Modeled high-energy pulsar spectrum, showing the improvement in
resolution between EGRET and GLAST. The polar cap model predicts a sharp
high-energy cutoff, while the outer gap model predicts a more gradual cutoff.
Unlike EGRET, GLAST will be able to distinguish the true shape of the spec-
trum (assumed to be that of the polar cap model in this simulation).
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1.3 Pulsars

GLAST will discover many gamma-ray pulsars, potentially 50 or more, and
will provide definitive spectral measurements that will distinguish between the
two primary models proposed to explain particle acceleration and gamma-ray
generation: the outer gap 4) and polar cap models 5) ( see figure 9). From
observations made with gamma ray experiments through the EGRET era, seven
gamma-ray pulsars are known. GLAST will detect more than 100 pulsars
and will be able to directly search for periodicities in all EGRET unidentified
sources. Because the gamma-ray beams of pulsars are apparently broader than
their radio beams, many radio-quiet, Geminga-like pulsars likely remain to be
discovered.

1.4 Search for supersymmetric dark matter

GLAST is particularly interesting for the supersymmetric particle search be-
cause, if neutralinos make up the dark matter of our galaxy, they would have
non-relativistic velocities, hence the neutralino annihilation into the gamma
gamma and gamma Z final states can give rise to gamma rays with unique
energies Eγ = Mχ and E′

γ = Mχ (1 − m2
z/4M2

χ).

In figure 10 is shown how strong can be the signal 6) in the case of a
cuspy dark matter halo profiles distribution 7).

Figure 11 shows the GLAST capability to probe the supersymmetric dark
matter hypothesis 6). The various zone sample the MSSM with different values
of the parameters space for three classes of neutralinos. The previous galaxy
dark matter halo profile 7) that gives the maximal flux has been assumed.
The solid line shows the number of events needed to obtain a 5 σ detection
over the galactic diffuse γ-ray background as estimated from EGRET data. As
the figures show, a significant portion of the MSSM phase space is explored,
particularly for the higgsino-like neutralino case.

This effort will be complementary to a similar search for neutralinos look-
ing with cosmic-ray experiments like the next space experiment PAMELA 8)

at the distortion of the secondary positron fraction and secondary antiproton
flux induced by a signal from a heavy neutralino.

In figure 12 (on the left) there are the experimental data 9) for the
positron fraction together with the distortion of the secondary positron fraction
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Figure 10: Total photon spectrum from the galactic center from χχ annihilation
(on the left), and number of photons expected in GLAST for χχ → γγ from a
1-sr cone near the galactic center with a 1.5 % energy resolution (on the right)

Figure 11: Number of photons expected in GLAST for χχ → γγ from a 1-sr
cone near the galactic center as a function of the possible neutralino mass. The
solid line shows the number of events needed to obtain a five sigma signal detec-
tion over the galactic diffuse gamma-ray background as estimated by EGRET
data.
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standard

exotic
contribution

Figure 12: Distortion of the secondary positron fraction (on the left) and sec-
ondary antiproton flux (on the right) induced by a signal from a heavy neu-
tralino. The PAMELA expectation in the case of exotic contributions are shown
by black squares

(solid line) due to one possible contribution from neutralino annihilation (dot-
ted line, from 10)). The expected data from the experiment PAMELA in the
annihilation scenario for one year of operation are shown by black squares 11).

In the same figure (on the right) there are the experimental data for the
antiproton flux 12) together with the distortion on the antiproton flux (dashed
line) due to one possible contribution from neutralino annihilation (dotted line,
from 13)). The antiproton data that PAMELA would obtain in a single year
of observation for one of the Higgsino annihilation models are shown by black
squares.

2 Conclusion

The gamma-ray space experiment GLAST is under construction. Its time of op-
eration and energy range is shown together with the other space X-ray satellite
and gamma-ray experiments in figure 13. Note that it will cover an interval not
covered by any other experiments. Note also the number of other experiments
in other frequencies that will allow extensive multifrequency studies.
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Figure 13: Timeline schedule versus the energy range covered by present and
future detectors in X and gamma-ray astrophysics.

In the last decade, ground-based instruments have made great progress,
both in technical and scientific terms. High-energy gamma rays can be ob-
served from the ground by experiments that detect the air showers produced
in the upper atmosphere. Air shower arrays directly detect the particles (elec-
trons, muons, and photons) in air showers, and atmospheric Cerenkov tele-
scopes detect the Cherenkov radiation created in the atmosphere and beamed
to the ground. Detectors based on the atmospheric Cerenkov technique con-
sist of one or more mirrors that concentrate the Cerenkov photons onto fast
optical detectors. Photomultiplier tubes (PMTs) placed in the focal plane are
generally used to detect the Cherenkov photons. Two problems in using at-
mospheric Cherenkov telescopes (ACT) are the night-sky background and the
large isotropic background from cosmic-ray showers.
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Figure 14: Sensitivity of present and future detectors in the gamma-ray astro-
physics.

The energy threshold of an atmospheric Cherenkov telescope is deter-
mined by the number of Cherenkov photons needed to observe a signal above
the level of the night-sky background. For individual point sources, ground-
based instruments have unparalleled sensitivity at very high energies (above
50-250 GeV). For many objects, full multi-wave-length coverage over as wide
an energy range as possible will be needed to understand the acceleration
and gamma-ray production mechanisms. On the technical side, atmospheric
Cherenkov telescopes have demonstrated that a high degree of gamma/hadron
discrimination and a source pointing accuracy of 10-30 arc minutes (depending
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on the source strength) can be achieved based on the detected Cherenkov im-
age. Also the energy threshold is lowering remarkably (for a review, see 14)).
In figure 14 the GLAST sensitivity compared with the others present and fu-
ture detectors in the gamma-ray astrophysics range is shown. The predicted
sensitivity of a number of operational and proposed Ground based Cherenkov
telescopes, CELESTE, STACEE, VERITAS, Whipple is for a 50 hour exposure
on a single source. EGRET, GLAST, MILAGRO, ARGO and AGILE sensitiv-
ity is shown for one year of all sky survey. The diffuse background assumed is
2 ·10−5 photons cm−2s−1sr−1(100 MeV/E)1.1, typical of the background seen
by EGRET at high galactic latitudes. The source differential photon number
spectrum is assumed to have a power law index of -2, typical of many of the
sources observed by EGRET and the sensitivity is based on the requirement
that the number of source photons detected is at least 5 sigma above the back-
ground. Note that on ground only MILAGRO and ARGO will observe more
than one source simultaneously. The Home Pages of the various instruments
are at http://www-hfm.mpi-hd.mpg.de/CosmicRay/CosmicRaySites.html.

A wide variety of experiments provide interesting probes for the search
of supersymmetric dark matter. Indirect dark matter searches and traditional
particle searches are highly complementary. In the next five years, an array of
experiments will be sensitive to the various potential neutralino annihilation
products. These include under-ice and underwater neutrino telescopes, atmo-
spheric Cerenkov telescopes and the already described space detectors GLAST
and PAMELA together with AMS. In many cases, these experiments will im-
prove current sensitivities by several orders of magnitude. Direct dark matter
probes share features with both traditional and indirect searches, and have sen-
sitivity in both regions. In the cosmologically preferred regions of parameter
space with 0.1 < Ωχh2 < 0.3, all models with charginos or sleptons lighter
than 300 GeV will produce observable signals in at least one experiment. An
example 15) is shown in figure 15 in the framework of minimal supergravity,
which is fully specified by the five parameters (four continuous, one binary)
m0, M1/2, A0, tanβ, sgn(µ). Here, m0, M1/2, and A0 are the universal scalar

mass, gaugino mass, and trilinear scalar coupling 15). The figure shows the lim-
its that can be obtained in the m0, M1/2 plane for tanβ = 10, A0 = 0, µ > 0.
Higher values (∼ 50 ) of tan β requires significant fine-tuning of the electroweak
scale. The limit from gamma-ray assumes a moderate halo profile.
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Figure 15: Example of estimated reaches of various searches before the LHC be-
gins operation. Note the complementarity between the different techniques. For
moderate values of tanβ all the cosmological interesting region will be covered
(see text for details).

The aµ curve refers to the expected region that will be probed before
2006 by the measurements of the muon magnetic dipole moment 16). The
curve B → Xsγ refers to the improvement expected for the same date from
BaBar, BELLE and B factories in respect to the CLEO and ALEPH results 17).
The curve Φ¯

µ refers to the indirect DM search with underwater ν experiments

like AMANDA, NESTOR and ANTARES 18) and the curve σp refers to the
direct DM search with underground experiments like DAMA, CDMS, CRESST
and GENIUS 19)

We conclude with one last remark, the angular resolution and energy res-
olution achievable in gamma ray astrophysics is still lower to what is desirable
and achievable in other band; so a long term plan like the one sketch in figure 16
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Figure 16: Gamma-Ray Astronomy Long Term Plan

is needed and can bring spectacular results.
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ABSTRACT

The new generation of astroparticles experiments will use technologies common
to High Energy Physics. Among such technologies a central place is given to
the role of simulation.

1 Introduction

Monte Carlo simulation is nowadays an essential tool in the project of ex-

periments. It is so common for physicists that one could think that such a

technique is in use since ages; but indeed it is quite young, around 50 years. It

was suggested by Ulam and von Neumann 1) in 1947 and first used for particle

transport by Wilson 2), in the context of the the problem of electromagnetic

showers. Such a problem had an elegant solution by Rossi and Greisen 3),

although based on approximations valid beyond energies of a few MeV.
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To solve the integro-differential equations of showers in lead, Wilson in

1952 uses the following procedure.

“The procedure used was a simple graphical and mechanical one. The dis-

tance into the lead was broken into intervals of one-fifth of a radiation length

(about 1 mm). The electrons or photons were followed through successive inter-

vals and their fate in passing through a given interval was decided by spinning

a wheel of chance; the fate being read from one of a family of curves drawn on

a cylinder (...) A word about the wheel of chance. The cylinder, 4 in. outside

diameter by 12 in. long is driven by a high speed motor geared down by a ratio

20 to 1. The motor armature is heavier than the cylinder and determines where

the cylinder stops. The motor was observed to stop at random and, in so far as

the cylinder is concerned, its randomness is multiplied by the gear ratio (...)”

What are the requirements of a general-purpose simulation software for

particle transport? To start, one has to take care in an adequate way of the

physics, i.e., of the interactions: both for what is related to the probability of

occurrence (i.e., to the cross section) and to the modelling of the final state.

The physics of electromagnetic interactions is based on QED, and thus it is

in principle well known. Electromagnetic interactions should be well modelled

down to low energies (how low depends on the geometry and on the physics

of the detector). The theory of hadronic interactions, QCD, is not in a status

comparable with QED; as a consequence the simulations of hadronic interac-

tions relies in general on QCD-inspired models rather than on the theory itself,

and in general a reasonable simulation of hadronic interactions is good enough.

For a software to be used in the context of detector project and data

analysis, however, the physics requirements are not the full story, and maybe

they are not even the most important part. Technical requirements rely mostly

on a well written code, with characteristics of

• modularity;

• easiness to add different generators;

• easiness to add new physics routines;

• friendly interfaces;

• good documentation;

• maintenability;
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• support on different platforms;

• last but not least, a term taken from industry: customer care.

2 The shop-list before Geant4

Most of the large experiments ’90s were basing their simulation on the Geant3 4)

package. The Geant3 code comes from a long program of development based

at CERN between 1982 and 1994. Geant3 is written in FORTRAN; among

his strong points, compared to the other simulations, are user-friendly pack-

ages for geometry description and visualization, and an overall easiness-of-use.

Geant3 has proprietary routines for electromagnetic physics, and can bind sev-

eral hadronic codes (GHEISHA is the most common).

However, a different package was and still is the reference for electro-

magnetic physics: EGS 5), a package which had a very long development and

debugging at SLAC, LNL and KEK in the period between 1966 and 1985.

EGS, presently at the version 4 (EGS4), is still the reference now for dosime-

try, where definetly one should not be wrong. EGS4 has proprietary routines

for electromagnetic physics; it is most commonly used in couple with FLUKA

for hadronic interactions. EGS4 is written in MORTRAN, a pre-processor of

FORTRAN, although several FORTRAN and C++ versions circulate on the

Web. The code is overall a bit unfriendly: the geometry is difficult to de-

fine (it must be put in by means of a subroutine); few facilities, in particular

for visualization, are available. The cross sections are computed by an offline

preprocessor, PEGS, which must be run separately.

Besides Geant3 and EGS4, very little room was available for other prod-

ucts (DELSIM, GISMO etc.); and the success of a simulation code is boosted

by the widespread use (which guarantees updating, debugging, availability on

different platforms, interfaces).

3 The Geant4 toolkit

At the end of the ’90s most of the simulation programs in High Energy Physics

were based on Geant3. Several reasons however pushed the community to start

a new project, aimed to improve Geant3. Among such reasons:

• limitations of Geant3 maintenance; in particular, because of too complex
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structure driven by historical reasons, it was almost impossible to add a

new feature or to hunt a bug;

• limitation of FORTRAN, and choice of object orientation and C++ by

the physics community;

• shortage of man power at CERN;

• limitation of “central center” supports.

Such reasons convinced a group of physicists and computer scientists at CERN

to start a world-wide collaboration for a new simulation project. Such a project

was based on the most recent software engineering methodologies and, from an

organizational point of view, on a world-wide collaboration.

3.1 Geant4: philosophy, history, future

Geant4 aims to be the successor of Geant3 by redesigning a major package of

CERN software for the next generation of HEP experiments using an Object

Oriented philosophy. The final aim of the project is to build a simulation more

precise than EGS, and more friendly than Geant3.

A variety of new requirements also came from heavy ion physics, CP

violation physics, cosmic ray physics, medical applications and space science

applications In order to meet such requirements, a large degree of functionality

and flexibility are provided: Geant4 is not only for High Energy Physics.

The main steps of the history of Geant4 are, for the time being:

Dec 94 Project starts

Apr 97 First alpha release

Jul 98 First beta release

Dec 98 Release 0.0

Jun 01 Release 3.2 (with a complete list of physics processes)

Maintainment and upgrade are expected for at least 10 years; development

is continuous, with two major releases each year plus a monthly internal tag

(frequent bug fixes, new features, new examples).

Geant4 is presently based on more than 700,000 lines of code.

402



For more details on the collaboration and an updated status, see the very

well done and maintained web pages 6).

3.2 The physics of Geant4

The library proposes several models for the most important interactions of

particles with matter.

In particular for electromagnetic interactions one can use a “standard”

package with at least all the features of Geant3, or call a package specialized

in the low energy part (which aims to an accurate modelling of physics down

to 250 eV and below, based on an important use of experimental tables). On

the other direction Geant4 should be able to reproduce interactions up to the

PeV and beyond: Geant4 is developed by people involved in fields other than

High Energy Physics (e.g. medical physics, astroparticle physics).

All processes are already at least at level of Geant3, and in addition there

are new processes (transition radiation, optical processes) and substantial im-

provements have been done in particular on the multiple scattering (new model,

without path length restriction and with lateral displacement), on energy loss

and on hard processes: in the future also the photoproduction of hadronic

resonances will be modeled.

The electromagnetic processes are going through extensive tests, compar-

ing both with data and with Geant3-based and EGS4-based simulations. Very

good agreement with the data is seen on the simulation of electromagnetic

showers.

For what is related to hadronic interactions one can bind GHEISHA, but

more performant models have just been released for the Geant4 code and are

under test. There is a large variety of models according to the energy, including

string models (Geant4 is interfaced with Pythia7 for hard scattering), cascade

models, evaporation and break-up.

In any case Geant4 is an open system to new inputs: the framework is

such that different models can be easily integrated.

3.2.1 Confrontation with data

Facing such a huge development effort, debugging and tests is a major enter-

prise.
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Fortunately, the distributed organization helps in boosting the mannpower.

Many comparisons have been done, and results published; a lot more are ongo-

ing or starting within the collaborations using Geant4, in particular the LHC

collaborations (ATLAS, CMS, LHCb, ALICE), BaBar (migrating from Geant3)

and GLAST.

Again the most important results are summarized in the Geant4 web

page.

3.3 Miscellaneous features

Geant4 includes several features goring in the direction of functionality and eas-

iness of use; many such features come from comments originated from Geant3

users.

In particular such improvements affect the definition of cutoffs, geometry

and utilities, hits and digitizations, fast simulation, visualization.

3.3.1 Cutoffs

Contrary to what done in Geant3, cuts in Geant4 are done in range rather than

energy. It makes poor sense to use the energy cut-off: for example the range of

a10 keV gamma in Si is a few cm, while the range of 10 keV electron is a few

micron.

This modification causes a significant gain in results quality versus CPU

usage; however, users can override the default and impose a cut in energy, track

length, or time-of-flight. Physics processes can also ask to override the default

when they need to (for example for a better treatment of boundary effects).

3.3.2 Geometry

Like in the philosophy of Geant3, Geant4 pre-defines basic geometries. The

user can build new solids from union, intersection, subtraction of two solids

(boolean solids) plus a transformation.

A utility g3tog4 is provided to convert a Geant3 geometry into Geant4.

An interface with XML is in progress.
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3.3.3 Hits and digits

Each logical volume can have a pointer to a sensitive detector; a hit is a snapshot

of the physical interaction of a track or an accumulation of interactions of tracks

in the sensitive detector.

A sensitive detector creates hit(s) using the information given in a track-

ing step; the user has to provide his/her own implementation of the detector

response. A digitization is created with one or more hits and/or other digits

by an explicit implementation by the user.

3.3.4 Fast simulation

Geant4 allows to perform full simulation and fast simulation (based on shower

parametrizations, less accurate cutoffs etc.) in the same environment. The fast

simulation produces the same objects as the full simulation (tracks, clusters

etc.)

The full design is such to guarantee flexibility: the user can activate

fast/full simulation by detector and/or by particle type, and use parallel ge-

ometries.

3.3.5 Visualization

Geant4 provides interfaces to graphics drivers (DAWN, RayTracer, OPACS,

OpenGL, OpenInventor, VRML) such that one can visualize detector, hits and

trajectories.

3.4 Things one has to do to run Geant4

Documentation (Getting started and installation guide, User guide for applica-

tion and toolkit developer Software and physics reference manuals) is available

at the Geant4 web site.

For many users, however, starting from the study of a manual is not the

most effective way. For such users examples are provided: they can go to the

Geant4 Web site, run an example and see how it is done.

Six novice examples are available with simple detectors and different ex-

periment types to demonstrate the essential capabilities of Geant4: transport of

a non-interacting particle through a slab, track in a simplified tracking detector,
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electromagnetic shower (full), particle collision, parametrised electromagnetic

shower, optical photon.

In addition advanced examples are available, two of which are relevant

for astroparticle:

• xray telescope, illustrating an application for the study of the radiation

background in a typical X-ray telescope;

• gammaray telescope, illustrating a gamma satellite-based detector of the

new generation, similar to AGILE and GLAST 7).

3.5 Experience with Geant4

The production release is in use by many experiments in High Energy Physics

and Astroparticle and by groups involved in medical physics.

Thanks to the wide use, the Geant4 developers got feedback. The first

results confirm some of the Geant4 strengths in performance, simplicity of use,

electromagnetic physics.

Benchmarks between Geant3 and Geant4 in electromagnetic showers demon-

strate that Geant4 gives better physics at the same speed (and better speed

for same physics).

The tests evidence also some weaknesses; reaction is fast.

4 The simulation of GLAST

An example of implementation for space applications is the simulation of the

GLAST gamma-ray telescope 8).

GLAST has a wide range of physics objectives, from gamma astrophysics

to fundamental physics. Correspondingly, the simulation should have an easy

interface to the simulation of different sources, and be adequate both for the

design and the physics analysis.

In addition, the gamma simulation in the tracker and in the calorimeter

needs different details, and in particular a fast simulation should be available

for the huge hadron background.

The GLAST simulation has been done, from the beginning, using C++

and with OO technologies in mind (GISMO was the choice, also because no

other candidate present at that moment apart from standard FORTRAN sim-

ulations).
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Figure 1: Display of the interaction of a gamma ray with the detector in the
Gaent4 simulation of GLAST.

The migration of the GLAST simulation to Geant4 is now almost com-

plete; it uses a prototype of the XML interface for geometry description.

5 Conclusions

Geant4 has demonstrated to be suitable as a Monte Carlo toolkit, in particular

for applications in astroparticle physics and High Energy Physics. Among its

strong points are the open structure (making it easy to integrate with special-

ized software) and the easyness of use.

The communities of astroparticle physics and High Energy Physics are

quickly acquiring a good experience, and the validation with data, formulae

and standard simulations is progressing fast.

In conclusion, Geant4 is becoming the standard de facto both for the

simulation of detectors and for particle and radiation transport.
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88 Yt  (1836keV) - tracked events
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AN INTRODUCTION TO ASDC, A NEW ASI FACILITY

Sonia Rebecchi
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ABSTRACT

The ASI Science Data Center (as ASDC) is a facility established by the Italian
Space Agency (ASI) to act as an interface between ASI satellite missions and
the international users community. In the following a brief review of ASDC
goals and activities is presented as well an example of the available services.

1 Introduction

A long debated issue over the past years was how to preserve, to make available
and to deal with the huge amount of data such as those obtained from space
missions. As an example HST and ESO telescopes are producing 4.5 Tbytes
per year of scientific data 1). In order to answer to this need several facilities
were created by the main space agencies spread all over the world. See 2) for
a list of the available facilities.
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With the launch of BeppoSAX in 1996, 3) the Italian Space Agency (ASI)
has started to develop the nucleus of a facility to handle, archive the satellite
data and distribute them to the international community. From the BeppoSAX
experience and also in view of ASI small scientific missions program, which ex-
pects to launch a new satellite every 2 years, the ASI Science Data center
ASDC 4) has been established in November 2000. ASDC web home page can
be found at: http : //www.asdc.asi.it/

2 ASDC current activities

As ASDC is born from the Science Data Center created for BeppoSAX, and a
big part of the activities are still related to this mission. Thanks to its unique
x-ray broad-band energy range (0.1 − 300KeV ) and two different type of in-
struments onboard, such as narrow and wide field instruments (hereafter NFI
and WFC), BeppoSAX proved to be very successul 7) and it has performed
more than 1700 observations so far.

ASDC current activities for BeppoSAX are:

• Perform a standard analysis for quality check of the NFI data before
delivering to the PI

• Re-process old observations with improved new software

• Build a CD archive for both row data and standard results

• Process all WFC data

• Make all archive levels accessible through the interactive archive

• Provide expert support to the international communty by online services
and helpdesk.

Other new activities have been added both to extend the number of avail-
able catalogues, more than 200 covering all wavelenghts and services. Also of
great importance is the ASDC contribution in terms of preparing documenta-
tion and reduction software for the SWIFT 6) mission to be launched in 2003.

An example of ASDC activity, the interactive archive interface, is shown in Fig.
1). After a query to the interactive archive the software replies by showing all
performed BeppoSAX observations as well as possible data rights restrictions.
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Figure 1: BeppoSAX online archive

Then it is possible to ask to display other parameters, to get statistical informa-
tions or to get further details on a specific observation and compare BeppoSAX
images with those of other x-ray satellites. It is possible to obtain an optical
finding chart or perform an own online analysis.

3 Future

Satellites has proved to be very important in many fields and in particular for
astronomy where they can provide information at frequencies otherwise un-
reachable by ground. Therefore scientists will continue to request observations
from satellites and the huge amount of data obtained will continuosly grow in
the future.
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As previously mentioned ASI has approved a program of space missions and the
first two of them AGILE 7, 8) and DAVID 9) will be respectively launched
in 2003 and 2004. In collaboration with NASA also ASI will participate in
SWIFT a mission mainly intended, thanks to a wide coverage of the sky and
to a quick prompt authomatic repointing, to study gamma ray bursts. To this
and other future missions ASDC facility will address its future challenges.
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ABSTRACT

We show a simple method, based on the standard �
2 test statistic, to dis-

criminate what supersymmetric models are detectable by indirect searches of
neutralino annihilation. We can then put di�erent constraints on the allowed
region of the parameters space of the MSSM.

1 Introduction

The neutralino seems to be one of the most promising candidate as a con-

stituent for cold dark matter 1), i.e. non relativistic at the temperature of

the freeze out. It appears to be the LSP (Lightest Supersymmetric Particle)

in a large portion of the parameters space of the MSSM, that is the minimal

supersymmetric extension of the standard model with R-parity conservation
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4). Indirect detection is possible through the search of neutralino annihila-

tion products that are produced in the galactic halo. The detectable products

are the typical constituents of cosmic rays such as antiprotons, positrons and

gamma rays 2). Here we consider mainly the antiprotons production 3).

Cosmic ray induced antiprotons are generated mainly through pp ! �p + X

collisions of cosmic ray protons with interstellar medium.

2 Theoretical framework

We work in the framework of the Minimal Supersymmetric extension of the

Standard Model (MSSM) with the allowed renormalizable soft supersymmetry

breaking terms 4). The phenomenological parameters are reduced to 7 start-

ing from the usual 125 5): � the higgsino mass parameter, M2 the gaugino

mass parameter, mA the CP-odd Higgs bosons mass, tan(�) = v2=v1 the higgs

bosons vacuum expectation ratio, mq the scalar mass parameter, Ab and At

the trilinear coupling in the bottom and top sector respectively.

These parameters are given at the electroweak symmetry breaking scale,

i.e. at energy of order of 1 TeV.

The lightest neutralino is de�ned, as usual, as a linear combination of the

gauginos eB and fW 3, the superpartners of the U(1) gauge �eld B and the third

component of the SU(2) gauge �eld W
3 that appears in the standard model,

and the neutral higgsinos eH0

1
and eH0

2
, that are the superpartners of two of the

Higgs bosons doublet neutral components that appears explicitly in the MSSM:

� = N10
eB +N20

fW 3 +N30
eH0

1
+N40

eH0

2
(1)

We have used the DarkSUSY 6) fortran routines for the di�erential an-

tiproton 
ux calculation. We have considered, at tree level, the relevant states

for �p production. These include all the heavier quarks (c, b, and t), gauge

bosons and Higgs bosons, and the subsequent hadronization of the states. In

input we have used a random generated sampling of the parameters space of the

order of 105 models. The only constraint used here, in addition to the physical

consistency, is that on the neutralino relic density, in order to get rid of this

dependence. We have used for the allowed range for the cold dark matter relic

abundance:
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0:1 � 
DMh
2
� 0:3 (2)

where 
DM is the ratio between the dark matter density and the critical

density and h is a parameter in the Hubble constant.

3 Supersymmetric detectable models

The problem is to discriminate between di�erent supersymmetric models. The

intuitive idea is to \calculate" how far are the two 
ux curves, the background

and the supersymmetric contribution (�g. 1). The �rst curve, the background

curve, is obtained considering only the standard model production and propa-

gation of the �p 7). In the background contribution is not present any source

of exotic components. The other curve, the supersymmetric contribution, rep-

resents the contribution coming from a source of annihilating neutralinos.

To do this job we can use an hypothesis test method. The simplest of

this method is the �2 test. We use the usual de�nition of the reduced �2 as:

�
2

r =
1

N � 1

X (yi � xi)
2

�2i

(3)

where N is the number of degrees of freedom, i.e. the number of points

in which we calculate the 
uxes. In order to be able to apply this kind of test

we must associate an error to the points of, at least, one of the theoretical 
ux

curves (the standard one or the standard plus susy contribution). A simplifying

assumption is to consider only the statistical errors naturally coming from

a counting experiment. So, indicating with Ni the number of counts, the

associated error is the Poisson one:

�i =
p
Ni (4)

There is a simple relation between 
ux and number of counts, that de-

pends explicitly by the detector characteristics of the particular experiment we

want to consider:

Ni = �p � A ��t ��Ei (5)

where �p is the antiproton 
ux in units of GeV �1m2
sr
�1
s
�1, A is the

e�ective area of the detector, �t is the acquisition data time and �Ei is the
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energy bin. With the aim of this formula it's straightforward to calculate the

statistical error associated to the 
ux (�g. 1), that is:

�� = A ��t ��Ei � �i (6)

Fixing the signi�cance level, we accept, as detectable, all the models, for

a given number of degrees of freedom, that satisfy:

�
2

r � c (7)

where c can be obtained from the standard tabulation 8), i.e. integrating

the probability distribution function of the �2r.

4 Limits on the parameters space

We can use this machinery in order to single out parameters space regions

that generate models with detectable 
ux. This can be achieved for example,

making contour plots of �2r vs. model parameters. The main problem is to

reduce the number of parameters to consider. There are two ways to do this.

One is to start ab initio with a more constrained models, such as for example the

CMSSM, or models with anomaly mediated supersymmetry breaking. This is,

by far, the most appealing possibility from a pure theoretical ground, because

at he end we wants some theory with less phenomenological parameters as

possible. The other is to identify the relevant parameters for a given process,

�xing the values of the others. This can be justi�ed if the �2r weakly depends

by some parameters.

When we consider the processes of �p production (�g. 2), we see that two

of the relevant parameters are the neutralino massM� and the gaugino fraction

Zg, that are function, in terms of the fundamental parameters that de�ne the

model, of M2, � and tan(�).

5 Conclusions

The method, described above, allows to understand what kind of models are

phenomenologically interesting, considering only indirect detection of neutralino

annihilations. This implies that we are able to identify what regions of param-

eters space can really be probed, and what regions are not yet explorable. We
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Figure 1: 
ux from a particular supersymmetric model.

can also consider immediate extension for positrons and gamma rays, in order

to put more constraints.

One possible development concerns the possibility to apply some other

test hypothesis method, such as the generalized likelihood ratio, or even some

more sophisticated method such as bayesian and neural networks. It would be

interesting to �nd some algorithmic procedure in order to be able to scan a

large portion of the parameters space.

The other possible development concerns the study of theoretical mod-

els that involve a less number of parameters, such as the anomaly mediated
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Figure 2: relevant diagrams or the process ��! p�p.

supersymmetry breaking models.

References

1. G. Jungman et al, \Supersymmetric Dark Matter", Phys. Rept. 267, 195

(1996)

2. L. Bergstrom et al, Phys. Rev. D 59, 043506 (1999)

3. L. Bergstrom et al, Astrophysical Journal, 526, 215 (1999)

4. S.P. Martin, \A Supersymmetry Primer", hep-ph/9709356

5. L. Bergstrom et al, Astroparticle Physics, 5, 263 (1996)

6. P. Gondolo et al, astro-ph/0012234

7. A.W. Strong et al, Astrophysical Journal, 509, 212 (1998)

8. G. Cowan, \Statistical Data Analysis", (Oxford University Press, Oxford,

1998)

490



 
 
 
 
 
 
 
 
 

The engines of the Universe 
 
 
M.Vietri  What have we learned about gamma ray bursts from 

afterglows?  
A.Dar The threat to life from Eta Carinae and gamma-ray bursts  
F.Longo Gamma-ray satellites and gamma-ray bursts  
N.Omodei Emission Model and GRB Simulations 
C. Aramo AUGER observatory: the world's largest cosmic ray detector  
A.Bettini (New) Neutrino Physics at Gran Sasso Laboratory  
J.Primack Probing galaxy formation with high energy gamma-rays 



Frascati Physics Series Vol. XXIV (2002), pp. 493-512
International School of Space Science - 2001 Course on
Astroparticle and Gamma-ray Physics in Space, L’Aquila (Italy), 30/8 - 7/9, 2001

WHAT HAVE WE LEARNED ABOUT GAMMA RAY BURSTS
FROM AFTERGLOWS?

Mario Vietri
Università di Roma 3

ABSTRACT

The discovery of GRBs’ afterglows has allowed us to establish several facts:
their distance and energy scales, the fact that they are due to explosions, that
the explosions are relativistic, and that the afterglow emission mechanism is
synchrotron radiation. On the other hand, recent data have shown that the
fireball model is wrong when it comes to the emission mechanism of the true
burst (which is unlikely to be synchrotron again) and that shocks are not
external. Besides these relatively tame points, I will also discuss the less well
established physics of the energy deposition mechanism, as well as the possible
burst progenitors.

1 Introduction

Gamma ray bursts (GRBs) were discovered in 1969 (Klebesadel, Strong and
Olson 1973) by American satellites of the Vela class aimed at verifying Russian
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compliance with the nuclear atmospheric test ban treaty. Though the discovery
was made in 1969, the paper appeared only four years later because the authors
had lingering doubts about the reality of the effects they had discovered. Since
then, several thousands of bursts have been observed by a more than a dozen
different satellites, but it is remarkable that the basic burst features outlined in
the abstract of the 1969 paper (photons in the range 0.2 − 1.5 MeV , durations
of 0.1 − 30 s, fluences in the range 10−5 − 2 × 10−4 ergs cm−2) have remained
substantially unchanged.

Current evidence (Fishman and Meegan 1995) has highlighted a wide
(0.01−100 s) duration distribution, with hints of a bimodality which is claimed
to correlate (at the 2.5σ level) with spectral properties. All bursts’ spectra
observed so far are strictly non–thermal, and there has never been any confir-
mation by BATSE of a supposed thermal component (nor of cyclotron lines or
precursors, for this matter) claimed in previous reports. A remarkable feature
reported by BATSE is the bewildering diversity of light curves, ranging from
impulsive ones (a spike followed by a slower decay, nicknamed FREDs for Fast
Rise-Exponential Decay), to smooth ones, to long ones with amazingly sharp
fluctuations, including even some with a strongly periodic appearance (two
such examples are the ‘hand’ and the ‘comb’, so nicknamed from the number
of high–Q, regularly repeating sharp spikes).

The most exceptional result from BATSE, though, was the sky distri-
bution of the bursts (Fig.1). It was obvious from it that the bursts had to
be extragalactic, as already discussed by theorists (Usov and Chibisov 1975,
Paczyǹski 1986).

2 Afterglows

The next major step was triggered by BeppoSAX: in the summer of 1996, L.
Piro and his coworkers located in archival data of the satellite the soft X–ray
counterpart of a GRB (GRB 960720). They immediately conceived the idea of
implementing a procedure to follow the next burst in real time, by re-orienting
the whole satellite, after the initial detection by the Wide Field Cameras, so
that the more sensitive Narrow Field Instruments could pinpoint the burst
location to within 45 arcsecs, a feat never achieved in such short times, and
by a single satellite. After an initial snafu (GRB 970111), the gigantic effort
paid off with the discovery of the X–ray afterglow of GRB 970228 (Costa et al.,
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Figure 1: Burst distribution on the plane of the sky

1997), immediately followed by the discovery of its fading optical counterpart
(van Paradijs et al., 1997), obtained through a search inside the WFC error
box, in perfect agreement with theoretical predictions (Vietri 1997a, Mèszàros
and Rees 1997).

After the detection of the optical counterpart, the door was open to find
the bursts’ redshifts: Table I summarizes the status of our current knowledge
(September 1999); bursts’ luminosities are for isotropic sources. Two comments
are in order. First, the bursts have prima facie a redshift distribution not unlike
that of AGNs and of the Star Formation Rate (SFR). The initial hope that
they might trace an even more distant and elusive Pop III, triggered by the
fact that the second redshift detected was also the largest so far (GRB 971214,
z = 3.4), has now vanished. Second, in order to place the energy release of
GRB 990123 in context, one should notice that 4 × 1054 ergs is the energy
obtained by converting the rest–mass of two solar masses, or, alternatively, the
energy emitted by the whole Universe out to z ≈ 1 within the burst duration.

495



GRB z Eiso

970228 0.695 5 × 1051 erg
970508 0.835 2 × 1051 erg

971214 3.4 3 × 1053 erg
980703 0.93 3 × 1053 erg
990123 1.7 4 × 1054 erg

990510 1.6 2 × 1053 erg
990712 0.43
991208 0.70 1.3 × 1053 erg
991216 ≥ 1.02

So, a single (perhaps double) star outshines the whole Universe.
Besides the distance and energy scales, the major impact of the discovery

of afterglows has been the establishment of some key features of the fireball
model (Rees and Mèszàros 1992):

1. bursts are due to explosions, as evidenced by their power–law behaviour;

2. the explosions are relativistic, as proved by the disappearence of radio
flares;

3. the burst emission is due to synchrotron emission, as shown by the after-
glow spectrum, and its optical polarization.

I will illustrate these points in the following, but, lest we become too proud,
we should also remember that the fireball model has met some failures. The
original version of the model (Mèszàros and Rees 1993) advocated the dissi-
pation of the explosion energy at external shocks (i.e., those with the inter-
stellar medium). Sari and Piran (1997), following a point originally made by
Ruderman (1975) showed that these shocks smooth out millisecond timescale
variability, which can only be maintained by the internal shocks proposed by
Paczyǹski and Xu (1994). Also, the fireball model originally ascribed even the
emission from the burst proper (as opposed to the afterglow) to optically thin
synchrotron processes; I will discuss in the section Embarrassments why this
is exceedingly unlikely. Furthermore, even the last tenet of mid–90s common
wisdom, i.e., that bursts are due to neutron binary mergers, does not look too
promising at the moment (since some bursts seem to be located inside star
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forming regions, incompatible with the long spiral–in time), though of course
it is by no means ruled out yet.

2.1 The fireball model

Here, one may assume that an unknown agent deposits 1051−1054 ergs inside a
small volume of linear dimension ≈ 106 − 107 cm. The resulting typical energy
density corresponds to a temperature of a few MeV s, so that electrons and
positrons cannot be bound by any known gravitational field. In these condi-
tions, optical depths for all known processes exceed 1010. The fluid expands
because of its purely thermal pressure, converting internal into bulk kinetic
energy. Parametrizing the baryon component mass as Mb ≡ E/ηc2, it can
be shown that, for 1 ≤ η ≤ 3 × 105 (Mèszàros, Laguna, Rees 1993) the fluid
achieves quickly (the fluid Lorenz factor increases as γ ∝ r) a coasting Lorenz
factor of γ ≈ η.

The requisite asymptotic Lorenz factor is dictated by observations: pho-
tons up to εex ≈ 18 GeV have been observed by EGRET from bursts (Fishman
and Meegan 1995). For these photons to evade collisions with other photons,
and thus electron/positron pair production, it is necessary that, in the reference
frame in which a typical burst photon (with ε ≈ 1 MeV ) and the exceptional
photon are emitted, they appear as below pair production threshold: thus we
must have ε′ε′

ex ≤ 2mec
2. Since ε′ ≈ ε/γ, and similarly for the other photons,

we find (Baring 1993)

γ ≈ 300
( ε

1 MeV

εex

10 GeV

)1/2
. (1)

From what we said above, we thus require a maximum baryon contamination,
in an explosion of energy E, of Mb < 10−6M¯(E/1051 erg)(300/η).

The energy release is now assumed to be in the form of an inhomogeneous
wind, with parts having a Lorenz factor larger than parts emitted previously.
This leads to shell collisions (the internal shock model) at radii rsh which allow
a time–scale variablity δt ≈ rsh/2γ2c; for δt = 1 ms, rsh ≈ 1013 cm, which
fixes the internal shock radii. Particle acceleration at these internal shocks
and ensuing non–thermal emission is thought to lead to the formation of the
burst proper. At larger radii, a shock with the surrounding ISM forms, and
shell deceleration begins at a radius rag = (3E/4πnmpc

2γ2)1/3 ≈ 1017 cm for
a n = 1 cm−3 particle density typical of galactic disks. It is thought that the
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afterglow begins when the shell begins the slowdown, as this drives a marginally
relativistic shock into the ejecta, thusly extracting a further fraction of their
bulk kinetic energy.

2.2 Why explosions

The success of the fireball model lies in this, that it decouples the problem
of the energy injection mechanism from the following evolution, which is, fur-
thermore, an essentially hydrodynamical problem. It can be shown, in fact
(Waxman 1997) that the evolution of the external shock is adiabatic, that the
shock Lorenz factor decreases as γ ∝ r−3/2 because of the inertia of the swept–
up matter, and thus r scales with observer’s time as t = r/γ2c → γ ∝ t−3/8 (for
a radiative solution γ ∝ r−3/7, Vietri 1997b). If afterglow emission is due to
optically thin synchrotron in a magnetic field in near–equipartition with post–
shock energy density, it can be shown that B ∝ γ, that the typical synchrotron
frequency at the spectral peak νm ∝ γBγ2

e ∝ γ4 (where γe ∝ γ is the lowest
post–shock electron Lorenz factor), and that F (νm) ∝ t−3β/2, where β is the
afterglow spectral slope. As it can be seen, these expectations are based ex-
clusively upon the hydrodynamical evolution (and the synchrotron spectrum),
and are thus reasonably robust.

We thus expect power–law time decays, a characteristic of strong explo-
sions (see the Sedov analogy!), with time– and spectral–indices closely related.
This is what is observed everywhere, from the X–ray through the optical to the
radio, (see Piro and Fruchter, this volume), the few exceptions being discussed
later on. In fact, the equality of the time–decay index of the X–ray and optical
data in afterglows of individual sources has been taken as the key element to
show that emission in the different bands is due to the same source. Time
indices in the X–ray are in the range 0.7 − 2.2 (Frontera et al., 2000).

2.3 Why synchrotron spectrum in the afterglow

After having established that bursts are due to explosions, we happily learn
that afterglows emit through synchrotron processes. In fig. 2 (Galama et al.,
1998), we show the superposition of theoretical expectations for an optically
thin synchrotron spectrum (including the cooling break at ν ≈ 1014 Hz) with
observations for GRB 970508. The remarkable agreement is even more exciting
as we remark that observations are not truly simultaneous, but are scaled back
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Figure 2: Simultaneous spectrum of the afterglow of GRB 970508, from Galama
et al., 1998.

to the same time by means of the theoretically expected laws for time–decay,
thus simultaneoulsy testing the correctness of our hydro. Another piece of
evidence comes from the discovery of polarization in the optical afterglow of
GRB 990510 (Fig. 3, Covino et al., 1999, Wijers et al., 1999). This polarization
may appear small (≈ 2%), but it is surely not due to Galactic effects: stars
in the same field show a comparable degree of polarization, but along an axis
different by about 50◦. Also, polarization in the source galaxy is unlikely,
because of a very stringent upper limit on the reddening due to this galaxy
(Covino et al., 1999). The only remaining question mark is emission from an
anisotropic source, but this would require a disk of 1018 cm to survive the
intense γ ray (and X, and UV) flash: though not excluded, it does not look
likely.
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Figure 3: Polarization amplitude and position angle for optical afterglow of
GRB 990510, from Covino et al., 1999.

2.4 Why relativistic expansion

Radio observations of the first burst observed so far (GRB 970508, Frail et al.,
1997) showed puzzling fluctuations by about a factor of 2 in the flux, over a
time–scale of days, disappearing after about 30 days from the burst (Fig. 4).
This extreme, and unique behaviour, was explained by Goodman (1997), who
showed that it is due to interference of rays travelling along different paths
through the ISM, and randomly deflected by the spatially varying refractive
index of the turbulent ISM. The wonderful upshot of this otherwise marginal
phenomenon, is that these effects cease whenever the source expands beyond a
radius

R = 1017 cm
ν

6/5
10

dsc,kpch75

(
SM

10−2.5m−20/3 kpc

)−3/5

, (2)

500



Figure 4: VLA observatons at 8.46 GHz of the afterglow of GRB 970508, from
Waxman,Frail and Kulkarni 1998.

where ν10 is the radio observing frequency in units of 1010 Hz, dsc,kpc is the
distance of the ISM from us (assumed to be a uniform scattering screen), and
SM is the Galactic scattering measure, scaled to a typical Galactic value. The
existence of interference effects is made more convincing by the amplitude of the
average increase (a factor of 2, as observed), the correctness in the prediction of
the time–interval between different peaks, and of the decorrelation bandwidth.
Since flares disappear after about 30 days, it means that the average speed of
the radio source is R/30days = 3 × 1010 cm s−1. So we see directly that GRB
970508 expanded at an average speed of c over a whole month, giving us a
direct observational proof that the source is highly relativistic. This proof is
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completely equivalent to superluminal motions in blazars, and is the strongest
evidence in favor of the fireball model.

2.5 GRB 970508: our best case

The afterglow of GRB 970508 is our best case so far: it is in fact a burst
for which not only do we know the redshift, but also a radio source that has
been monitored for more than 400 days after the explosion (Frail, Waxman and
Kulkarni 2000). Through these observations we can see the transition to a sub–
relativistic regime at t ≈ 100 d, measure the total energetics of the following
Sedov phase (unencumbered by relativistic effects!) ENew = 5 × 1050 ergs,
determine two elusive parameters, εeq = 0.5 and εB = 0.5 (the efficiencies with
which energy is transfered to post–shock electrons by protons, and with which
an equipartition field is built up), and the density of the surrounding medium
n ≈ 0.4 cm−3. All of these values look reasonable (perhaps εeq and εB exceed
our expectations by a factor of 10, a fact that could be remedied by introducing
a slight density gradient which would keep the shock more efficient), so that
our confidence in the external–shock–in–the–ISM model is boosted.

Another precious consequence of these late–time observations is that they
yield information on beaming and energetics. In fact, GRB 970508 appeared
to have a kinetic energy of Erel = 5× 1051 erg when in the relativistic phase, a
measurement which can be reconciled with ENew (remember that the expan-
sion is adiabatic, so that we must have ENew = Erel!) only if the unknown
beaming angle, assumed = 4π in deriving Erel, is smaller than 4π by the
factor ENew/Erel; we thus have the only measurement of δΩ/4π = 0.1, so
far. This already rules out all classes of models requiring unplausibly large
amounts of beaming, 10−8 or even beyond. Hopefully, more such measure-
ments will come in the future, since this observationally heavy method is
subject to many fewer uncertainties than the competing method of trying to
locate breaks in the time–decay of afterglows. Also, the radiative efficiency
of the burst can be estimated: correcting the observed burst energy release
EGRB = 2 × 1051 erg for the same beaming factor, the radiative efficiency is
EGRBδΩ/4π/(ENew + ErelδΩ/4π) = 0.3, again a unique determination. No-
tice however that this figure is subject to a systematic uncertainty: we do not
know whether the beaming fraction is the same for the burst proper and for
the afterglow.
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3 Embarrassments

Something is rotten in the fireball kingdom as well, namely, departures from
pure power–law behaviours, and the spectra of the bursts proper.

3.1 Unpowerlawness

Departures from power–laws are expected when one considers the extremely
idealized character of the solutions discussed so far: perfect spherical symme-
try, uniform surrounding medium, smooth wind from the explosion, εeq and
εB constant in space and time. The tricky point here is to disentangle these
distinct factors. In GRB 970508 and GRB 970828 (Piro et al., 1999, Yoshida
et al., 1999) a major departure was observed in the X–ray emission, within
a couple of days from the burst; they constitute the single, largest violations
observed so far, in terms of number of photons. It is remarkable that spectral
variations were simultaneously observed, and that both bursts showed traces
(at the 2.7σ significance level) of an iron emission line. The similarity of the
bursts’ behaviour argues in favor of the reality of these spectral features, which
have been interpreted as thermal emission from a surrounding stellar–size left-
over, pre–expelled by the burst’s progenitor (Lazzati et al., 1999, Vietri et al.,
1999). Clearly, these departures hold major pieces of information on the bursts’
surroundings, and the nature of bursts’ progenitors.

It has been argued (Rhoads 1997) that, whenever the afterglow shell de-
celerates to below γ ≈ 1/θ, where θ is the beam semi–opening angle, emis-
sion should decrease because of the lack of emitting surface, compared to an
isotropic source. But, in view of the existence of clear environmental effects
(GRB 970508 and GRB 970828), it appears premature to put much stock in
the interpretation of time–power–law breaks as due to beaming effects. And
equally, it appears to this reviewer that the same comment applies to the in-
terpretation of a resurgence of flux as due to the appearance of a SN remnant
behind the shell. The major uncertainty here is the non–uniqueness of the in-
terpretation: Waxman and Draine (2000) have shown that effects due to dust
can mimic the same phenomenon.
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3.2 Bursts’ spectra

A clear prediction of the emission of optically thin synchrotron is that the low–
photon–energy spectra should scale like dNν/dν ∝ να, with α = −3/2, since
the emission is in the fast cooling regime. Within thin synchrotron, there is
no way to obtain α > −3/2. This early–recognized requirement (Katz 1994)
is so inescapable that it has been dubbed the ‘line of death’. Observations are
notoriously discordant with this prediction. Preece et al.(1999) have shown
that, for more than 1000 bursts, α is distributed like a bell between −2 and
0, with mean ᾱ ≈ −1. The tail of this distribution also contains a few tens
of objects with α ≈ +1. An example of these can be found in Frontera et al.,
1999 (GRB 970111), which is instructive since BeppoSAX has better coverage
of the critical, low–photon–energy region. In particular, BATSE seems to loose
sensitivity below ≈ 30 keV , but this is still not enough to explain away the
discrepancy with the theory. Also, Preece et al., 1999, showed that the time–
integrated spectral energy distribution has a peak at a photon energy εpk ≈
200 keV , and that εpk has a very small variance from burst to burst. Again, this
does not seem dependent upon BATSE’s lack of sensistivity above 700 keV ,
and again this has no explanation within the classic fireball model.

Many people agree that the neglect of Inverse Compton processes may be
the root of the disagreement: the trick here is to devise a fireball model that
smoothly incorporates them. One should remember that the details of the fire-
ball evolution are generic, i.e., they do not depend upon any detailed property
of the source, so that things like the radius at which the fireball becomes opti-
cally thin (to pairs or baryonic electrons), the radius at which acceleration ends,
the equipartition magnetic field, and so on, are all reliably and inescapably fixed
by the outflow’s global properties. A step toward the solution has been made
by Ghisellini and Celotti (1999) who remarked that at least some bursts have
compactness parameters l = 10(L/1053 erg s−1)(300/γ)5 À 1. Under these
conditions, a pair plasma will form, nearly thermalized at kT ≈ mec

2, and with
Thomson optical depth τT ≈ 10. The modifications which this plasma will
bring to the burst’s spectrum are currently unknown, but it may be remarked
that this configuration will be optically thick to both high–energy synchrotron
photons due to non–thermal electrons accelerated at the internal shocks, and
to low–energy cyclotron photons emitted by the thermal plasma, but it will
be optically thin in the intermediate region reached by cyclotron photons up-
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scattered via IC processes off non–thermal electrons. A model along this line
(i.e., upscattering of cyclotron photons by highly relativistic electrons) is in
preparation, but it remains to be seen whether it (like any other model, of
course) can simultaneously explain the spectral shape and the narrow range of
the spectral distribution peak energy εpk.

4 On the central engine

As remarked several times already, the fireball evolution is independent of the
source nature. The only exisiting constraint is the maximum amount of baryon
contamination, which is

Mb =
E

ηc2 = 10−6M¯
E

1051 erg

300
γ

. (3)

This is a remarkably small value: since the inferred luminosities exceed the
Eddington luminosity by 13 orders of magnitude, they clearly have all it takes
to disrupt a whole star, no matter how compact. Yet, the energy deposition
must somehow occur outside the main mass, lest the explosion be slowed down
to less relativistic, or even possibly Newtonian speeds. In order to satisfy this
constraint, it has emerged that the most favorable configuration has a stellar–
mass black hole (MBH ≈ 3 − 10M¯) surrounded by a thick torus of matter
(Mt ≈ 0.01 − 1M¯, with ρ ≈ 1010 g cm−3). The presence of a black hole is not
required by observations in any way: models involving neutron stars are still
admissible, the advantage of having a black hole being only the deeper potential
well: you may get more energy out per unit accreted mass. The configuration
thusly envisaged has a cone surrounding the symmetry axis devoid of baryons,
since all models leading to this configuration have large amounts of specific
angular momentum, and thus baryons close to the rotation axis either are not
there, or have accreted onto the black hole due to their lack of centrifugal
support.

4.1 Energy release mechanism

There are two major mechanisms for energy release discussed in the literature,
the first one to be proposed (Berezinsky and Prilutskii 1986) being the reaction
ν + ν̄ → e− + e+. Neutrinos have non–negligible mean free paths in the tori
envisaged here, so that this annihilation reaction will take place not inside tori

505



themselves, where they are preferentially generated because densities are high-
est, but in a larger volume surrounding the source. This is both a blessing and
a disgrace: by occupying a larger volume, the probability that every neutrino
finds its antiparticle to annihilate decreases, but then the energy is released
in baryon–cleaner environments. The problem, though complex, is eminently
suitable for numerical simulations, showing (Janka et al., 1999, and references
therein) that about 1050 ergs can be released this way, above the poles of a
black hole where less than 10−5M¯ are found.

Highly energetic bursts cannot be reproduced by this mechanism, due
to its low efficiency: the second mechanism proposed involves the conversion
of Poynting flux into a magnetized wind. The basic physical mechanisms are
well–known (Usov 1992) since they have been studied in the context of pulsar
emission: electrons are accelerated by a motional electric field ~E = ~v ∧ ~B/c

due to the rotation of a sufficiently strong magnetic dipole, attached either to
a black hole, or to the torus. Photons are then produced by synchrotron or
curvature radiation, and photon/photon collisions produce pairs, to close the
circle and allow looping. In order to carry away 1051 erg s−1, a magnetic field
of ≈ 1015 G is required. This is not excessive, since it is about three orders
of magnitude below equipartition with torus matter, and because such fields
already exist in nature, see SGR 1806-20 and SGR 1900+140: the key point
is to understand whether some kind of dynamo effect can lead to these high
values within the short allotted time.

Depending upon whether the open magnetic field lines extending to infin-
ity are connected to the black hole or to the torus, the source of the energy of the
outflow will be the rotational energy of the black hole (the so–called Blandford–
Znajek effect) or of the torus. The first case is traditionally discussed in the
context of AGNs (Rees, Blandford, Begelman and Phinney 1984), but it is
harshly disputed whether the energy outflow may be actually dominated by
the black hole rather than by the disk (Ghosh and Abramowicz, 1997, Livio,
Ogilvie and Pringle 1998). On the other hand, the torus looks ideal as the
source of a dynamo: its large shear rate, the presence of the Balbus-Hawley
instability to convert polidal into toroidal flux, and the possible presence of
the anti–floating mechanism inhibiting ballooning of the magnetic field (Kluz-
niak and Ruderman 1998), all seem to favor the existence of a fast dynamo.
It should also be remarked that the configuration of the magnetic field in this
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problem is known: in fact, the configuration discussed in Thorne et al., 1986 for
black holes, only uses the assumptions of steady–state and axial symmetry, and
is thus immediately extended to magnetic fields anchored to the torus. What
is really required here is a first order study, of the sort published by Tout and
Pringle (1992) on angular momentum removal from young, pre–main–sequence
stars via magnetic stresses, and on the associated α − ω dynamo. Until such
studies are made, it will be premature to claim that neutrino annihilations are
responsible for the powering of GRBs.

4.2 Progenitors

There is no lack of proposed progenitors, but I will discuss only binary neu-
tron mergers (Narayan, Paczyǹski and Piran 1992), collapsars (Woosley 1993,
Paczyǹski 1998) and SupraNovae (Vietri and Stella 1998, 1999).

Clearly, NS/NS mergers is the best model on paper: it involves objects
which have been detected already, orbital decay induced by gravitational wave
emission is shown by observations to work as per the theory, and numerical
simulations by Janka’s group show that a neutrino–powered outflow in baryon–
poor matter can be initiated. The major theoretical uncertainties here concern
bursts’ durations and energetics: all numerical models produce short bursts
(≈ 0.1 s) with modest energetics, E < 1051 erg. This is a direct consequence
of the mechanism for powering the burst: large, super–Eddington luminosities
are carried away by neutrinos, leading to a large mass influx, but only a small
fraction, 1 − 3%, can be harnessed for the production of the burst. Further-
more, we cannot invoke large beaming factors in this case: the outflow is only
marginally collimated, in agreement with expectations that an accretion disk
with inner and outer radii Rout/Rin ≈ a few (for the case at hand) can only
produce a beam semi–opening angle of Rin/Rout. So, perhaps, this model may
account for the short bursts, but it should be remembered that nothing of
what was discussed above pertains to this subclass: BeppoSAX (and thus all
BeppoSAX–triggered observations) can only detect long bursts.

On the other hand, future space missions, whether or not able to locate
short bursts, can provide a decisive test of this model, provided they can follow
with sufficient sensitivity a given burst for several hours. This model, in fact,
is the only one proposed so far according to which some explosions should take
place outside galaxies: according to Bloom, Sigurdsson and Pols (1999), about
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50% of all bursts will be located more than 8 kpc from a galaxy, and 15% in the
IGM. This characteristic is testable without recourse to optical observations.
In fact, the afterglow begins with a delay (as seen by an outside observer)
of td = (rag − rsh)/γ2c ≈ rag/γ2c, which varies greatly depending upon the
environment in which the burst takes place:

td =





15 s ISM, n =1 cm−3

5 min galactic halo, n = 10−4 cm−3

4 h IGM, n = 10−8 cm−3
(4)

Between the burst proper and the beginning of the power–law–like afterglow,
thus a silence of recognizable duration is expected (Vietri 2000).

Collapsars are currently in great vogue as a possible source of GRBs: the
large amount of energy available as the core of a supermassive star collapses di-
rectly to a black hole is in fact very attractive, even though (again!) the limited
efficiency of the reaction ν + ν̄ → e− + e+ makes most of this energy unavail-
able. Here too there is some evidence that these objects must exist (Paczyǹski
1998), and numerical simulations again showing energy preferentially deposited
along the hole rotation axis are also available (McFayden and Woosley 1999).
Here however, what is truly puzzling is how the outflow can pierce the star’s
outer layers without loading itself with baryons: we should remember that at
most 10−6M¯ can be added to 1051 erg: more baryons imply a proportion-
ately slower outflow. The argument is that the dynamical timescale of the
outer layers of a massive stars is of order of a few hours, so that, even if the
core collapses and pressure support is removed, nothing will happen during the
energy release phase: the outflow must pierce its way through. Two processes
seem especially dangerous: Rayleigh–Taylor instability of the fluid heated–up
by neutrino annihilations as it is weighed upon by the colder, denser outer lay-
ers, and Kelvin–Helmholtz instability after the hot fluid has pierced the outer
layers and is passing through the hole. It is well–known that the non–linear
development of these instabilities leads to mass entrainment, and that the time–
scale for the development of these instabilities is very fast. Furthermore, the
baryon–free outflow may be ‘poisoned’ by baryons to a deadly extent, even if
numerical simulations, with their finite resolution, were to detect nothing of
the kind.

The third class of models, SupraNovae, concerns supramassive neutron
stars which are stabilized against self–gravity by fast rotation, to such an extent
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that they cannot be spun down to ω = 0 because they implode to a black hole.
As the star’s residual magnetic dipole sheds angular momentum, this is exactly
the fate to be expected for the whole star, except for a small equatorial belt ,
whose later accretion will power the burst. It is easy to show that this implosion
must take place in a very baryon–clean environment. The major uncertainties
here concern the channels of formation and the existence of this equatorial
belt. Two channels of formation have been proposed: direct collapse to a
supramassive configuration (Vietri and Stella 1998) and slow mass accretion in
a low–mass X–ray binary (Vietri and Stella 1999). Both are possible, though
none yet is supported by observations. The existence of the left–over belt
has recently been questioned by Shibata, Baumgarte and Shapiro (1999), who
however simulated the collapse of neutron stars with intermediate equations of
state, which are entirely (or nearly exactly so) contained inside the marginally
stable orbit even before collapse: clearly, these must be swallowed whole by the
resulting black hole. Soft equations of state are free of this objection, and are
thus much more likely to leave behind an equatorial belt. The soft EoSs are
especially favored since the neutron stars must survive the r–mode instability,
and thus soft EoSs (Weber 1999) would be in any case required. So one might
say that the existence of these stars hinges on one uncertainty only, the EoS
of nuclear matter. Besides the baryon–clean environments, SupraNovae have
another advantage over rival models: only the lowest density regions would be
left behind, precisely those with the smallest neutrino losses. The powering
of the burst can thus occur through accretion caused by removal of angular
momentum by magnetic stresses, without the parallel, unproductive, neutrino
generation.

5 Conclusions

It is difficult to end on an upbeat note: we cannot expect in the near future
a rate of progress similar to the one we witnessed in the past three years. In
particular, it may be expected that the next flurry of excitement will come
with the beginning of the SWIFT mission, which promises to collect relevant
data (redshifts, galaxy types, location within or without galaxies, absorption or
emission features in the optical and in the X–ray) for a few hundred bursts. This
data will nail the major characteristics of the environment (at large) in which
bursts take place, and we may be able to rule out a few models. On the other
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hand, the energy release process, shrouded as it is in optical depths > 1010, will
remain mysterious, our only hope in this direction being gravitational waves.

Judging by the analogy with radio pulsars, this will correspond to the
flattening of the learning curve. Aside from this, we may hope to locate the
equivalent of the binary radio pulsar, but, differently from Jo Taylor, we have
to be awfully quick in grabbing it.
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ABSTRACT
Eta Carinae —a large blue variable star in the Carina constellation,
more than 100 times as massive and 5 million times as radiant as the
Sun— is the most massive and luminous star known in our galaxy
[1]. Eta Carinae is rapidly boiling matter off its surface; at any time
its core could collapse into a black hole, which may result in a giant
supernova and a gamma-ray burst (GRB) [2]. If pointing in our
direction, a GRB from Eta Carinae, —only D ∼ 2 kpc away— would
devastate life on Earth. Auspiciously, recent observations indicate
that the γ-rays in GRBs are narrowly beamed in cones along the
rotational axis of the progenitor star [3,4]. In the case of Eta Carinae
the GRBs will not point to us, but will be ravaging to life on planets
in our galaxy that happen to lie within the two beaming cones. The
mean rate of massive life extinctions by jets from GRBs, per life-
supporting planet in galaxies like ours, is once in 100 million years,
comparable to the rate observed in our planet [5].
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1 Cosmological GRBs

Gamma ray bursts are short-duration flares of MeV γ-rays from outer space
that last between a few milliseconds and ∼1000 s and occur at a rate of about
3 a day [6]. They were discovered serendipitously in 1967 by the Vela satel-
lites launched by the US to monitor the compliance with the Nuclear Test
Ban Treaty, banning nuclear explosions in and above the atmosphere. Their
exact locations —and consequently their distance and total energy output—
were unknown for 30 years, although their isotropy, established by observations
with the BATSE instrument on board the Compton Gamma Ray Observatory
satellite (CGRO) strongly suggested [7] cosmological distances [8]. Combined
with the observed short-time variability of GRBs, such distances imply an
enormous energy release from a small volume, if due to spherical explosions.
Alternatively, it was argued that if GRB progenitors are so distant, they must
be produced by narrow relativistic jets, from the birth of neutron stars or of
black holes [9].

The atmosphere is opaque to high energy γ-rays and cosmic ray nuclei,
and protects life on Earth from their incoming constant flux. Collisions in the
upper atmosphere, however, produce a flux of energetic muons that reach sea
level, about 10−2 muons s−1 cm−2. Life on Earth, apparently, has adjusted
to the radiation damage from this small flux of atmospheric muons, each de-
positing through ionization, in biological materials, about 2.4 MeV g−1. But,
if very large fluxes of γ-rays and cosmic ray nuclei suddenly impinge on the
atmosphere, they can have a devastating effect on life on Earth. In fact, it has
been argued [10] that the highly beamed γ-rays and cosmic rays from GRBs
in our galaxy, that happen to point in our direction, can produce lethal fluxes
of atmospheric muons at ground level, underground and underwater, destroy
the ozone layer and radioactivate the environment, so that GRBs could have
caused some of the massive life extinctions on planet Earth in the past 500 My.

Before 1997 the above arguments were mere speculation. But supporting
observational evidence accumulated after the significant discoveries of long-
lasting GRB X-ray, optical and radio “afterglows”, made possible by the precise
and prompt localization of GRBs by the Italian–Dutch satellite BeppoSAX [11].
The GRB and afterglow observations have shown beyond doubt that the “long”
duration GRBs (which are the majority) take place in distant galaxies [12],
mainly in star formation regions, and are associated with supernova explosions
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[13,4]. Their large inferred energies, the properties of their afterglows, their
apparent association with supernovae, and their global rate of ∼ 1000 per year,
imply that GRBs are highly beamed [4].

Because of the limited sizes of the satellite-borne detectors, GRBs have
been observed mostly in the sub-MeV energy region, where the photon number
flux, decreasing with increasing energy, is large enough. However, for a few very
bright GRBs the EGRET instrument on board the CGRO detected γ-rays of
up to GeV energies [14]. Moreover, four large ground-based γ-ray detectors, the
Tibet air shower array, the HEGRA-AIROBICC Čerenkov array, the Milagro
water-Čerenkov detector, and GRANDE, have reported possible detections of
TeV γ-rays in directional and temporal coincidence with some GRBs detected
by BATSE. In every case, the estimated total energy in TeV photons was about
2 orders of magnitude larger than the energy in sub-MeV photons measured
by BATSE. In particular, GRANDE [15] and MILAGRITO [16] have reported
the detection of unexpectedly large fluxes of muons coincident in time and
direction with GRBs. These muons are allegedly produced by the interactions
in the upper atmosphere of γ-rays from the GRB with energies well above 100
GeV. These observations, if confirmed, would imply that GRBs are more lethal
than they were previously thought to be. Since TeV photons are absorbed in
the intergalactic infrared (IR) background by pair production, only relatively
close-by GRBs (for which this absorption is insignificant) can be observed at
TeV energies. This may explain why only a small fraction of the BATSE-
detected GRBs in the fields of view of the various ground-based detectors were
claimed to have been seen at TeV energies.

In Table I we list the measured redshift and fluence Fγ (in units of 10−5

erg cm−2) in the BATSE energy band, 40–2000 keV, for all GRBs with known
redshift z. We also list their inferred luminosity distance DL (in units of Gpc)
and their total energy output, Eγ = 4π D2

L Fγ/(1 + z) (in units of 1053 erg),
assuming isotropic emission and a critical Universe with a Hubble constant
H0 = 65 kms−1 Mpc−1, fractional matter density ΩM = 0.3 and vacuum energy
density ΩΛ = 0.7.

2 GRB from the Death of Eta Carinae

Should the violent end of Eta Carinae, the most massive star known in our
galaxy and only D = 2 kpc away, emit in our direction a GRB similar to that
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of the most energetic GRB in Table I (GRB 990123), the atmosphere of Earth
facing the star would be subject to a total energy deposition:

Eγ

4π D2
L

≈ 4 × 109 erg cm−2 (1)

within seconds. This energy release is akin to that of the simultaneous explo-
sions in the upper atmosphere of one-kiloton of TNT per km2, over the whole
hemisphere facing Eta Carinae. This would destroy the ozone layer, create
enormous shocks going down in the atmosphere, lit up huge fires and provoke
giant global storms.

If the energy of GRBs in TeV γ-rays, as indicated by various experiments
[15,16], is ∼ 100 times larger than in the sub-MeV domain, the energy depo-
sition of Eq. 1 would be correspondingly larger. Moreover, the interactions of
the TeV γ-rays in the upper atmosphere would produce a lethal dose of highly
penetrating muons, destroying life on the surface, underground and underwa-
ter. Indeed, a high energy γ-ray impinging on the atmosphere at a large zenith
angle θ produces ∼ 0.23 cos θ [εγ]1.17 muons at ground level [15], where εγ is the
γ-ray energy in TeV. Hence, the total muon fluence at ground level expected
from a GRB from the supernova death of Eta Carinae is ∼ 5 × 1010 cm−2 (the
roughly linear dependence on the γ-ray energy makes this result sensitive only
to the total deposited energy). The energy deposition by these high-energy
muons in biological materials is ∼ 2.5 × 105 erg g−1, which is about ten times
the lethal dose for human beings: the whole-body dose from penetrating ion-
izing radiation resulting in 50% mortality in 30 days.

All of the above, which would be devastating for life on Earth, would only
happen if the γ-rays from Eta Carinae’s supernova point in our direction. But
would this GRB point to us? There are at least three known superheavy stars
in our galaxy with a lifetime shorter than ∼ 1 My and expected to end in a giant
supernova, implying that the galactic rate of giant supernovae is ≥ 3×10−6 y−1.
The rate of massive life extinctions is ∼ 10−8 y−1. Thus, if all galactic giant
supernovae produced deadly GRBs, their γ-rays must be funnelled in a cone
of opening angle θb ≤ 5o, for two opposite GRBs per giant supernova. The
chance probability for such cones to point in our direction is only 3 × 10−3.
But the expected direction for a jetted GRB [4] is the progenitor’s polar axis,
which for Eta Carinae points 57o ± 10o away from our direction, judging from
the radial velocities, proper motions and projected shape of its equatorial disk
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of debris [1]. This reduces considerably the chance that the GRBs from Eta
Carinae point to our planet. Moreover, the properties of GRB afterglows and
their association with Type Ib/Ic supernovae imply that GRBs are beamed
into much narrower cones, of 1 mrad typical opening angle! [4]. This reduces
to a negligible level the threat to terrestrial life from Eta Carinae.

3 Mass Extinctions by Galactic GRBs

Could Galactic GRBs beamed in our direction have caused some of the massive
life extinctions in the history of Earth? The average energy output of a GRB is 5
times smaller than that of GRB 990123, as can be seen in Table I. The average
distance of galactic GRBs from Earth, assuming they have the same spatial
distribution as supernova remnants, is ∼ 8 kpc. Gamma rays alone from such
“typical” GRBs can barely cause major mass extinctions, since the frequency
of such GRBs is too small to explain a mean rate of mass extinctions of once in
∼100 My, observed in the geological records. However, if GRBs are produced in
supernova explosions by highly relativistic jets of “cannonballs”, as suggested
by the striking success of the Cannonball Model of GRBs in explaining their
afterglows [4], the jetted cannonballs also produce highly beamed cosmic rays
(CRs) by ionizing, sweeping up and accelerating the particles of the interstellar
medium. Such CRs from galactic GRBs are much more devastating than their
γ-rays. Let v be the speed of the CB and Γ ≡ 1/

√
1 − (v/c)2 À 1 be its Lorentz

factor. The bulk of the swept up ISM particles entering the CB with energy
Γ m c2 in its rest frame are deflected by the CB’s tangled magnetic fields, and
are emitted isotropically in that frame. In the galactic rest frame their energy
is Lorentz-boosted to an average energy m c2 Γ2 and they are beamed into
a cone of opening angle θ ∼ 1/Γ. Their energy distribution is related to the
CBs’ deceleration by energy-momentum conservation, which yields dNCR/dΓ ≈
NCB/Γ2, where NCB is the baryonic number of the CBs [4]. The afterglows of
the GRBs listed in Table I are very well fitted [4] with initial Lorentz factors
Γi ' 103 and total baryonic number Njet ∼ 6× 1050, comparable to that of the
Earth. Thus, the energy fluence of CRs within their beaming cone of opening
angle θ ≤ Γi, from a galactic GRB at a distance d ∼ 8 kpc, is:

F ' Ejet Γ2
i

3π d2 ' 1.5 × 1012 erg cm−2 . (2)

517



Most of this fluence is spread over less than ∆t ∼ 2 days, the typical CB
deceleration time [4] from Γ = Γi to Γ = Γi/2. It is carried by CRs with energies
between E = 2 mp c2Γ2

i ∼ 2 × 103 TeV and E = 0.4 mp c2Γ2
i /4 ∼ 4 × 102 TeV.

The ambient interstellar gas is transparent to the CR beam because the
Coulomb and hadronic cross sections are rather small with respect to typ-
ical galactic column densities. Although the galactic magnetic field, B ∼
5 × 10−6 Gauss, results in a Larmor radius rL = β Ep/c q B ≤ 1018 cm ¿ 8
kpc for single protons with Ep ≤ 1015 eV, it does not deflect and disperse
the CR beams from galactic GRBs. This is because of the high collimation
of the CR beam which, even after travelling for a typical galactic distance
—e.g. d ∼ 8 kpc, our distance from the Galaxy’s centre— has a very large
energy and pressure within an angle θ ≤ 1/Γi from its direction of motion:
ECR ∼ Ejet/3 ∼ 3×1051 erg and PCR ∼ Ejet/(3 π d2 c∆t) ∼ 3×10−4 erg cm−3,
respectively. These figures are much larger than the total magnetic energy of
the swept-up galactic magnetic field inside the cone, d3 B2/24 Γ2

i ∼ 1.5 × 1049

erg and the galactic magnetic pressure B2/8 π ∼ 10−12 erg cm−3. Thus, the
CR beam sweeps away the magnetic field along its way and follows a straight
ballistic trajectory through the interstellar medium. (The corresponding argu-
ment, when concerning the distant cosmological GRBs, reaches the opposite
conclusion: no CRs accompany the GRB in all of its voyage here.)

The beam of multi-TeV cosmic rays accompanying a galactic GRB is
deadly for life on Earth-like planets. The total number of high energy muons
(Eµ ≥ 25 GeV) in the atmospheric showers produced by a cosmic ray proton
with energy Ep ∼ 102 to 103 TeV is Nµ(E > 25 GeV) ∼ 9.14 [Ep/TeV]0.757/cosθ
[17], yielding a muon fluence at ground level:

Fµ(E > 25 GeV) ' 1.7 × 1012 cm−2 . (3)

Thus, the energy deposition rate at ground level in biological materials, due to
exposure to atmospheric muons produced by an average GRB near the centre
of the Galaxy, is 4.2×1012 MeV g−1. This is approximately 270 times the lethal
dose for human beings. The lethal dosages for other vertebrates and insects can
be a few times or as much as a factor 20 larger, respectively. Hence, CRs from
galactic GRBs can produce a lethal dose of atmospheric muons for most animal
species on Earth. Because of the large range of muons (∼ 4 [Eµ/GeV]m in wa-
ter), their flux is lethal, even hundreds of metres underwater and underground,
for CRs arriving from well above the horizon. Thus, unlike other suggested
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extraterrestrial extinction mechanisms, the CRs of galactic GRBs can also ex-
plain massive extinctions deep underwater and underground. Although half of
the planet is in the shade of the CR beam, its rotation exposes a larger fraction
of its surface to the CRs, whose arrival time is spread over ∼ 2 days. Additional
effects increase the lethality of the CRs over the whole planet. They include:
(a) Environmental pollution by radioactive nuclei, produced by spallation of
atmospheric and surface nuclei by the secondary particles of the CR-induced
showers.
(b) Depletion of stratospheric ozone, which reacts with the nitric oxide gener-
ated by the CR-produced electrons (massive destruction of stratospheric ozone
has been observed during large solar flares, which generate energetic protons).
(c) Extensive damage to the food chain by radioactive pollution and massive
extinction of vegetation by ionizing radiation (the lethal radiation dosages for
trees and plants are slightly higher than those for animals, but still less than
the flux given by Eq. 3 for all but the most resilient species).

4 The Rate of Galactic GRBs

Are the geological records of mass extinctions consistent with the effects in-
duced by cosmic rays from GRBs? Good quality geological records, which
extend up to ∼ 500 My ago, indicate that the exponential diversification of
marine and continental life on Earth over that period was interrupted by many
extinctions [5], with the major ones —exterminating more than 50% of the
species on land and sea— occurring on average every 100 My. The five great-
est events were those of the final Ordovician period (some 435 My ago), the late
Devonian (357 My ago), the final Permian (251 My ago), the late Triassic (198
My ago) and the final Cretaceous (65 My ago). The observed rate of GRBs is
∼ 103 y−1. The sky density of galaxies brighter than magnitude 25 (the ob-
served mean magnitude of the host galaxies of the GRBs with known redshifts)
in the Hubble telescope deep field is ∼ 2 × 105 per square degree [18]. Thus,
the rate of observed GRBs, per galaxy with luminosity similar to that of the
Milky Way, is R ∼ 1.2 × 10−7 y−1. To translate this result into the number of
GRBs born in our own galaxy, pointing to us, and occurring at (cosmologically)
recent times, one must take into account that the GRB rate is proportional to
the star formation rate, which increases with redshift like (1 + z)3. For GRBs
with known redshift (see Table I) one finds 〈1 + z〉 ∼ 2.1. In a flat Universe
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(like ours) the probability of a GRB to point to us within a certain angle is
independent of distance. Therefore, the mean rate of GRBs pointing to us and
taking place in our galaxy is roughly R/(1+z)3 ∼ 1.3×10−8 y−1, or once every
∼ 70 My. If most of these GRBs take place not much farther away than the
distance to the galactic centre, their effect is lethal, and their rate is consistent
with the rate of the major mass extinctions on our planet in the past 500 My.

5 Mass Extinctions and Coincident Catastrophes

The geological records also indicate that two of the major mass extinctions
were correlated in time with impacts of large meteorites or comets, with gigantic
volcanic eruptions, with huge sea regressions and with drastic changes in global
climate. A large meteoritic impact was invoked [19] in order to explain the
iridium anomaly and the mass extinction that killed the dinosaurs and claimed
47% of existing genera at the Cretaceous-Tertiary (K/T) boundary, 65 My
ago. Indeed, a 180 km wide crater was later discovered, buried under 1 km
of Cenozoic sediments, dated back 65 My ago and apparently created by the
impact of a ∼ 10 km diameter meteorite or comet near Chicxulub, in the
Yucatan [20]. The huge Deccan basalt floods in India also occurred around the
K/T boundary 65 My ago [21]. The Permian/Triassic (P/T) extinction, which
killed between 80% and 95% of the species, is the largest known in the history
of life [22]; it occurred 251 My ago, around the time of the gigantic Siberian
basalt flood. Recently, evidence was found [23] for a large cometary impact at
that time.

The orbits of comets indicate that they reside in a spherical cloud at
the outer reaches of the solar system –the Oort Cloud– with a typical radius
of RO ∼ 50000 AU. The statistics imply that it may contain as many as
1012 comets with a total mass perhaps larger than that of Jupiter. The large
value of RO implies that the comets have very small binding energies and
mean velocities of v ∼ 100 m s−1. Small gravitational perturbations due to
neighbouring stars are believed to disturb their orbits, unbind some of them,
and put others into orbits that cross the inner solar system. The passage of
the solar system through the spiral arms of the Galaxy where the density of
stars is higher, could also have caused such perturbations and consequently the
bombardment of Earth with a meteorite barrage of comets over an extended
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period longer than the free fall time from the Oort cloud to the Sun:

tfall = π

[
R3

O

8G M¯

]1/2

' 1.7My . (4)

The impact of comets and meteorites from the Oort cloud could have triggered
the huge volcanic eruptions that created the observed basalt floods, timed —
within 1 to 2 My— around the K/T and P/T boundaries. Global climatic
changes and sea regression followed, presumably from the injection of large
quantities of light-blocking materials into the atmosphere, from the cometary
impacts and the volcanic eruptions. In both the gigantic Deccan and Siberian
basalt floods ∼ 2 × 106 km3 of lava were ejected. This is orders of magnitude
larger than in any other known eruption, making it unlikely that the other
major mass extinctions, which are of a similar magnitude, were produced by
volcanic eruptions. The volcanic-quiet and impact-free extinctions could have
been caused by GRBs. Moreover, passage of the GRB jet through the Oort
cloud after sweeping up the interstellar matter on its way could also have gen-
erated perturbations, sending some comets into a collision course with Earth,
perhaps explaining also the geologically active K/T and P/T extinctions.

6 An Answer to Fermi’s Question: Where Are They?

The observation of planets orbiting nearby stars has become almost routine,
but current techniques are insufficient to detect planets with masses comparable
to the Earth’s. Future space-based observatories to detect Earth-like planets
are being planned. Terrestrial planets orbiting in the habitable neighbourhood
of stars, where planetary surface conditions are compatible with the presence
of liquid water, might have global environments similar to ours, and harbour
life. Our solar system is billions of years younger than most of the stars in the
Milky Way. Life on extrasolar planets could have preceded life on Earth by
billions of years, allowing for civilizations much more advanced than ours. Thus
Fermi’s famous question “where are they?”, i.e. why did they not visit us or
send signals to us? An answer is provided by GRB-induced mass extinctions:
even if advanced civilizations are not self-destructive, GRBs can exterminate
the most evolved species on any given planet or interstellar vehicle at a mean
rate of once every 100 My. Consequently, there may be no nearby aliens having
evolved long enough to be capable of communicating with us, or pay us a visit.

521



Acknowledgement:
The authors thank LeV Okun for useful comments. The partial support by
the Helen Asher Fund for Space Research and by the Technion VPR Fund -
Steiner Fund for the promotion of research is gratefully acknowledged.

Table I - GRBs of known redshift

GRB z DL Fγ Eγ

970228 0.695 4.55 1.1 0.22
970508 0.835 5.70 0.32 0.07
970828 0.957 6.74 9.6 2.06
971214 3.418 32.0 0.94 2.11
980425 .0085 .039 0.44 8.1E-6
980613 1.096 7.98 0.17 0.61
980703 0.966 6.82 2.26 1.05
990123 1.600 12.7 26.8 19.80
990510 1.619 12.9 6.55 5.00
990712 0.434 2.55 6.5 0.53
991208 0.70 4.64 10.0 1.51
991216 1.020 7.30 19.4 5.35
000131 4.500 44.4 4.2 11.60
000301c 2.040 17.2 0.41 0.46
000418 1.119 8.18 2.0 0.82
000911 1.06 7.66 2.0 0.68
000926 2.066 17.4 2.20 10.54
010222 1.474 11.5 12.0 7.80

Redshift z. Luminosity distance, DL, in Gpc. Fluence measured by BATSE,
Fγ , in 10−5 erg cm−2 units. Deduced spherical energy, Eγ , in 1053 erg units.
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ABSTRACT
Experiments in underground laboratories have shown evidence of physics beyond the
standard model. The anomalies observed in electron-neutrinos from the sun and muon-
neutrinos from cosmic rays interactions in the atmosphere can be explained if
neutrino are massive and oscillate. The physics program at the INFN Gran Sasso
Laboratory that we are defining will be focussed on the next phase of neutrino physics
with a complementary set of experiments.

1. Introduction
Underground laboratories are complementary to those with accelerators in
the basic research of the elementary constituents of matter and of their
interactions and symmetries. They provide the low radioactive background
environment necessary to the search for those extremely rare phenomena,
which may give us information of the physics of extremely high energies.
Indeed we have now for the first time strong hints for physics beyond the
standard model. The evidence is in neutrino physics and has been
obtained in underground laboratories, mainly Kamioka in Japan, Gran
Sasso in Italy and, more recently, SNO in Canada.
On the basis of this evidence we know now that some of the assumptions
of the Standard Model are not correct. Neutrinos have non-zero masses,
electron neutrinos, muon neutrinos and tau-neutrinos - the particles
produced by weak interactions and detected by our apparatuses - are not
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the mass eigenstates and their flavour quantum numbers are not
conserved. These findings point clearly to new physics.
In the following, after a brief description of the Gran Sasso laboratory and
a reminder of neutrino physics, I’ll summarise the scientific program of
the laboratory. Space does not allow here to review into details all the
arguments; for more complete reviews the reader should consult [1].

2. The Gran Sasso Laboratory (LNGS)

The INFN Gran Sasso Laboratories are located besides the freeway tunnel
(10.4 km long) connecting L’Aquila and Teramo, at about 6 km from the
west entrance, 120 km from Rome.

Fig. 1. Artist view of the underground facilities of the Gran Sasso
Laboratory

Fig. 1 shows a view of the facility. The access is through the gallery of the
freeway, allowing the transportation of large pieces of apparatus. The
underground facilities consist of three experimental halls, called hall A, B
and C, and a set of connecting tunnels and service areas, for a total surface
of 18 000 m2. The three halls are approximately 100 m long, 18 m wide,
18 m high. The infrastructures of the laboratory are completed by a
number of buildings on the surface, near the western entrance of the
tunnel, hosting offices, laboratories, shops, library, canteen, etc.
The flat shape of the massif, with an average rock overburden of 1400 m
provides uniform coverage at all angles, giving a cosmic rays muon flux
attenuation of a factor 106. The neutron fluence from the dolomite rock is
particularly low, 1000 times less than on the surface.
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The mission of the laboratory is to host experiments in fundamental
physics requesting very low levels of radioactive background and
researches in other disciplines (notably geophysics and biology) that can
profit of the unique environmental characteristics of the site.
A law approved by the Parliament in 1990 funds the completion of the
Gran Sasso Laboratory with two new halls and with an independent access
tunnel, necessary to guarantee a high safety standard. After a ten-year
long delay, the new Government in 2001 has included the project in its
public works programme as an “emergency” issue.
Experiments at Gran Sasso, in its little more than ten-year operational life,
have already provided major discoveries and given important
contributions to science [2]. The first generation experiments, or at least
some of them, are reaching or have reached completion. Taking office in
1997, I charged the international Scientific Committee of the Laboratory
to examine in depth all the running experiments in order to determine on
scientific grounds the data taking time still necessary to each of them to be
completed. The experiments had been approved, in fact, without defining
their overall occupation time of the laboratory underground space.
The review led to the conclusion that in the year 2001 almost half of the
laboratory space would be available to new experiments. The knowledge
of availability of space has stimulated the scientific community and a
number of very interesting ideas and proposals have been submitted to the
Laboratory. It is now clear that first class opportunities are present for the
next experimental phase that may, with a bit of fortune, lead to major
discoveries of physics beyond the present theory of elementary particles.
Neutrino physics will be the principal, but not the only issue of the
research program for the next years. Experiments both with naturally
produced neutrinos (from the Sun, from the atmosphere and from
Supernova explosion) and artificially produced ones (mainly from CERN,
but possibly by other sources too) are being built or planned. Other
experiments will try to understand the nature of the electron neutrino and
search for the Majorana mass; still others (not reviewed here) will continue
with increased sensitivity the search for non-baryonic dark matter. The
measurements of thermonuclear cross-sections at energies relevant for the
stars and Sun combustion processes will continue with an improved
underground accelerator facility.

3. Neutrino masses and mixing

Experiments in underground laboratories have provided strong evidence
for neutrino oscillations. Two and independent are the physical sources of
this information: the electron neutrinos from the Sun and the muon
neutrinos indirectly produced by cosmic rays in the atmosphere. The
corresponding two oscillation phenomena take place with very different
periods, inversely proportional to the differences between the relevant
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mass eigenstates. I’ll call δm2 and ∆m2 the square mass differences for the
solar and atmospheric oscillation respectively.
The neutrino states with definite flavour (νe, νµ and ντ), those produced by
weak interactions and detected by our instruments, are linear combinations
of the mass eigenstates (ν1, ν2 and ν3),

where l =  e, µ, τ. The mixing matrix being unitary, its elements can be
expressed in terms of four independent real parameters. These are usually
taken as three “mixing angles” ( 12, 13 and 23) and a phase factor. The
phase factor gives CP violating effects in the lepton sector, extremely
important, but unfortunately still very far to be experimentally accessible.
As a consequence, I will, for simplicity, forget it and consider only real
matrix elements. Two further phases,  and , irrelevant for oscillations,
are present if neutrinos are Majorana particles. We have

where cij=cos ij and sij=sin ij. The situation is now much more complex
than in the case of only two neutrino states. Two different oscillations take
place with different frequencies or, in other words, at different flight times.
The expressions for the probability to observe a state of definite flavour
are much more complicated than in the two-flavour case. Just to give an
example, an approximate expression of the probability to observe a νe in
an initially (monochromatic) ν  beam propagating in a vacuum is

This is not the complete formula, it is a good approximation for flight
times relevant for the first oscillation when the second, slower one has not
yet started. Notice that the probability amplitude depends now from two
mixing angles. Notice also that the probability is different if one of the
angles, 23, is in the first or second octant. Considering all the cases one
sees that the full range 0 ≤ 12, 13, 23 ≤ /2 must be considered, and not 0
– /4 as is still frequently, but wrongly, done. The variable sin2 2  is
misleading and should not be used. Better variables are sin2  or tg 2  or
just . In practice I’ll be sometimes forced to use sin22  in the following,
when quoting results presented in this form, but only in cases safe from
errors.
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A summary of the present knowledge is the following.
Electron neutrinos are produced by the thermonuclear processes in the
core of the Sun. When the νe flux is measured on the Earth, substantially
lower values than expected are found. A fundamental contribution was
given by the GALLEX experiment at Gran Sasso. It measured for the first
time the νe flux from the pp reaction, that is model independent and
known from solar luminosity (2% uncertainty). GALLEX was also the first
radiochemical experiment to be absolutely calibrated with an artificial νe

source. Other important information is provided by the
SuperKAMIOKANDE measurement of the high-energy (>5 MeV)
neutrino spectrum both during the day, when neutrinos reach the detector
directly, and during the night when they cross the Earth (possible matter
effects). The experimental evidence can be explained only if neutrinos
behave in a non-standard way, the simplest hypothesis being oscillations
(including MSW effect). This phenomenon depends mainly on two
parameters, the square mass difference δm2 and the mixing angle 12. Solar
neutrino data do not select a unique solution, but are compatible with a
few, amongst which future experiments will chose. Notice that all but one
solutions (SMA, that is disfavoured by data) are close or equal to
“maximum mixing” meaning here that |Ue1|

2 ≈ |Ue2|
2 ≈ 1/2.

The second anomaly has been convincing observed by Super-
Kamiokande and confirmed by MACRO at Gran Sasso in the
“atmospheric” neutrinos. The simplest interpretation is we are observing
a second oscillation phenomenon mainly between   and   . The square
mass difference, as measured by Super-Kamiokande, is in the range 1.5 x
10 –3 eV2 < ∆m2 < 5 x 10–3 eV2. The mixing is compatible to be maximum,
meaning now that θ23 ≈ π/4 or equivalently that |U 2|

2 ≈ |U 3|
2 ≈ 1/2.

Finally the electron antineutrinos disappearance CHOOZ[3] experiment
gives the limit θ13

2 ≈ |Ue3|
2< 0.03. In conclusion, two of the mixing angles,

θ12 and θ23, appear to be close to π/4 (maximum mixing), while the third,
θ13 is close to zero. The pattern is very different from that of quarks.
From these pieces of evidence we can assume that the neutrino mass
spectrum consists of two nearby levels, m1 and m2, and a third more
separated one, m3. The smaller mass difference m2 = m2

2 – m1
2 is

responsible of the solar anomaly, the larger one m2 = m3
2 – m2

2 ≈ m 3
2 –

m1
2 of the atmospheric one. In other words the neutrino mass spectrum is

composed of a doublet of states very close together and of a third, more
separate state. The last one is a superposition of  and  almost one to
one, with possibly a small e component.
As neutrino oscillations depend on the absolute value of the difference
between the squares of the masses, we do not know whether the third state
is higher (∆m2>0, called “normal” spectrum) or lower (∆m2<0, called
“inverted”) than the doublet. Neither we know the absolute scale of the
masses. The spectrum may be degenerate, when the three masses are
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almost equal, or hierarchical, when the masses of the doublet are of the
order of the square roots of the two square mass differences.
Notice that mass is a property of the stationary states (the eigenstates) and
that talking of e,  or  mass is improper and in some cases misleading.
What is meant depends in fact on what and how one measures (or limits).
Consider as an important example the limits on the “electron-neutrino
mass” <m e> that are obtained by measuring the electron energy spectrum
in the Tritium beta decay. If neutrinos are massive, the spectrum should
show three steps in correspondence with the three masses. But these cannot
be resolved and one measures an average effect

Presently two experiments give the upper limit <m e> < 2-3 eV[4].
If neutrinos are massive Majorana particles, a very rare process, the
neutrino-less double beta decay (0 2 ) can happen in some nuclides. No
positive signal has been observed and limits on the corresponding lifetimes
have been set. From each of them a limit on the electron-neutrino
“effective mass” MM

ee can be extracted, taking into account the relevant
nuclear matrix elements. The corresponding uncertainties are typically a
factor two. As a consequence, it is mandatory for a complete research
program to include different double-beta active isotopes in the search. In
the present case the “mass” that is measured, or limited is the quantity

Notice that cancellations can happen due to the phase factors. Presently
the best limit, MM

ee < 340 meV (90% c.l.) is given by the Heidelberg-
Moscow[5] experiment at Gran Sasso, obtained with a 37.2 kg x yr
exposure of an enriched 76Ge detector.
The same group has proposed in 1997 the GENIUS[6] experiment aiming
for a forward jump in the sensitivity with a large increase in the enriched
Ge mass (1000 kg) an a drastic reduction of the background. Naked
enriched Ge crystals would be immersed in a liquid N2 bath, 10 m across
used both for cooling the crystals and to screen the external radioactivity.
The experience of BOREXINO shows that extremely low radiopurity
levels can be reached liquid N2 and Monte Carlo calculations show that the
technique should allow to reduce the background, in the relevant energy,
to reach b = 3x10–4 events/(kg keV yr). This would allow the experiment
to reach the 10 meV neutrino mass range. To prove that such a large
reduction in the background is possible in practice Monte Carlo
calculations are not enough and a series of tests is necessary. To this aim
the GENIUS-TF[7] proposal, based on 40 kg of natural Germanium, has
been approved.
The most sensitive experiment on a different isotope is MIBETA, again at
Gran Sasso, with 20 TeO2 crystals operated as bolometers at cryogenic

< m e
2 >=|U e1 |2 m1

2+ |U e 2 |2 m2
2+ |U e 3 |2 m3

2

| Mee
M |=||Ue1 |2 m1 + | Ue2 |2 e2i m2 + | Ue3 |2 e2i m3 ||
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temperatures. The total detector mass is almost 7 kg of natural Te or of
2.3 kg of the double-beta active 130Te isotope. MIBETA has reached an
exposure of 3.3 kg yr with a background level b = 0.6 ev/(kg keV yr),
giving the limit MM

ee<2 eV [8].
The next experiment with the same technique is CUORICINO[9] consisting
of 56 TeO2 crystals, 0.76 kg each, corresponding to a total 130Te mass of
14.3 kg. The first crystals are in the test phase. If the background level will
be reduced at b = 0.1 ev/(kg keV yr), as it appears to be feasible from the
results of the tests, sensitivity around 400 meV will be reached in MM

ee

Further increase in the mass, by an order of magnitude, and drastic
reduction of the background are being studied in view of the CUORE
project aiming to a 50 meV sensitivity. It will consist in 1000 natural Te
crystals equal to those of CUORICINO with a sensitive 130Te mass of 250
kg and aim to a background rate b = 10–2 events/(kg keV yr).
In conclusion, double beta decay experiments could reach sensitivities in
the range,  MM

ee = 30 - 50 meV. These are extremely interesting values,
being close to the square root of the atmospheric square mass difference, i.
e. 40-70 meV. In case of a degenerate or of an inverted spectrum the
sensitivity of GENIUS and CUORE might be enough to detect the signal.

4. The next steps

In the previous paragraphs I have briefly described the recent
experimental findings that have given origin to the new neutrino physics.
Clearly we might just be entered in a new field that can reserve complete
new discoveries for the future. The program of the next years should
include experiments able to

• observe oscillation signals both for the atmospheric anomaly and the
solar one. In neither case we have yet observed a non ambiguous sign of
oscillation. In both cases oscillations give the simplest explanation, but
more exotic interpretations are not excluded.

• confirm the atmospheric neutrino oscillations with experiments with a
neutrino beam produced at a far away accelerator. Composition (mainly
νµ) and energy spectrum of an artificially produced beam are under
control. Both νµ disappearance and ντ appearance experiments are
planned. The K2K experiment is running since 1999: a muon-neutrino
beam is produced at the Tzukuba KEK Center and sent to the Super-
Kamiokande detector 250 km away. The low neutrino energies (2-3 GeV)
give good sensitivity even with low statistics[10]. The NUMI program at
Fermilab is building a muon-neutrino beam to shoot on the MINOS
detector being built in the Soudan mine 730 km away in Minnesota. The
experiment is now planned to start data taking in 2005 in a disappearance
mode[11].

• discover if the flavour into which the atmospheric  oscillate is indeed 
or else with a  appearance experiment, as planned by the CNGS project
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in Europe. This issue is clearly connected with the existence of low-mass
sterile neutrinos coupled to known particles.

• improve the knowledge of the mixing parameters.
• measure the sign of m2. Is the spectrum “normal” or “inverted”? We
have already recalled the chances for the 0 2  search and Supernova
neutrinos at this purpose. Others exist for a sign sensitive experiment on
atmospheric muon neutrinos.

• improve the knowledge of m2. Choose solar solution.
• detect, if any, the  ⇔ e oscillation at m2. Is Ue3 ≠ 0?
• search for CP violation in the lepton sector. This is extremely difficult,
for a number of reasons, including the fact that the effects are suppressed
by the factor δm2 / ∆m2 << 1 and by the smallness of | Ue3 |

• determine the nature of neutrinos: Majorana or Dirac?
• measure the absolute values of the masses
Experiments at Gran Sasso Laboratory can give important contributions,
provided that we will be able to build a coherent program. This will be
done on the basis of the many interesting ideas and proposals that have
been submitted and that are in different stages of development and of the
resources that will become available. In the following I’ll briefly describes
these proposals.

5. Neutrinos from CERN

An important component of the program will be the CNGS project. An
artificial, well-controlled neutrino source will be built at CERN for
experiments at LNGS. Both the beam[12] and the experiments will be
optimised for  appearance, where ’s are observed through the process

+ N → – + N '
The  appearance probability in an initially pure beam of energy E is

As 13 ≈ 0, we have approximately

In this case the commonly used two-neutrino formalism is justified, only
as long as we forget the minority muon neutrino to electron-neutrino
oscillation.
Running in the “shared” mode, the beam will give 3200 CC 
interactions per year in a kiloton fiducial mass detector at LNGS

P → = sin2 2 23( )sin2 1.27∆m2 eV2( ) L km( )
E GeV( )

 

 
  

 
 

P → = sin2 2 23( )cos4
13( )sin2 1.27∆m 2 eV2( ) L km( )

E GeV( )
 

 
  

 

 
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corresponding to 25  interactions for ∆m2 = 3.5 x 10 –3 eV2 and
maximum mixing (1.7 times more in dedicated mode operation).
The charged daughters of ’s will be detected, in one or more decay
channels: –→ – (18%); e– e (18%); h––  n 0 (50%); 2 – +

n 0 (14%). Two main background rejection tools are available: 1. the
direct observation of  decays requiring micrometer scale granularity and
sub-micron resolution, which are possible only by the emulsion technique
(OPERA); 2. the use of kinematic selection, which requires good particle
identification and good resolution in momentum unbalance (ICARUS).
ICARUS[13] is a liquid argon time projection chamber providing bubble
chamber quality 3D images of the events, continuous sensitivity, self-
triggering capability, high granularity calorimetry and dE/dx
measurement. The R&D program performed between 1991 and ‘95 on a
3 t detector solved the major technical problems with the detector
continuously running for several years, showing the reliability of the
technique. The technique was then developed for the industrial production
of a kiloton size detector. Its structure will be modular. A module has a
mass of 600 t (T600) and is composed of two 300 t units, transportable on
highways. The units will be completely assembled and tested before being
separately transported to Gran Sasso. A 300 t unit has been completed and
successfully operated in summer 2001. Fig. 2 shows the superior quality
and the richness of information provided by the technique. The safety
issues connected with the installation of a large cryogenic volume
underground are also being studied. The project foresees the construction
of a series of T600’s to cover a broad physics program, including 
appearance in the CNGS program.

Fig. 2 A cosmic ray event in the first 300t ICARUS module
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The design of OPERA[14] combines in its basic cell, shown in Fig. 3, the
high precision tracking capability of nuclear emulsion and the large target
mass given by lead plates (1mm thick). The basic building block of the
target structure is a “brick”, a sandwich of contiguous cells enclosed in a
light-tight evacuated envelope. A wall is followed by electronic trackers
with moderate resolution with the scope to identify the brick were a
neutrino interaction took place and to guide the off-line scanning. Fired
bricks will be removed and processed (alignment, development and
scanning of the emulsion sheets) on a day by day basis.

Fig. 3. The OPERA basic cell structure. Two types of events are shown
and the principles for τ detection

6. Atmospheric neutrinos

Atmospheric neutrino experiments are complementary to CNGS. The two
principal aims of the MONOLITH proposal[15] are the observation of the
oscillation pattern and the accurate measurement of ∆m2. Notice that both
aims are easier if ∆m2 is lower.
The oscillation probability is a periodic function of the L/E variable, the
ratio between the muon-neutrino energy E and its flight length L. L is
obtained from the neutrino direction, inferred from that of the µ. To have
a good correlation, one must use only µ’s above a GeV or so, were
unfortunately the cosmic rays flux is low. As a consequence several
kiloton mass detectors are needed but with coarse resolution. MONOLITH
is a 35 kt spectrometer made of 8 cm thick horizontal Fe magnetised
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plates. The interleaved tracking planes have 1 cm spatial resolution and
good (1 ns) timing, for up/down discrimination.
For a given direction, down going ‘s do not oscillate, while upward
going do. The ratio between the two fluxes is known with small systematic
uncertainty. The distribution of this ratio as a function of the zenith angle
(i.e. L/E) will show the oscillation pattern (with 100 – 150 kt yr exposures)
and precisely determine ∆m2.

7. Solar neutrinos

GALLEX has been concluded, but its improved version, GNO, is running
and has published results corresponding to 35 solar runs (each one-month
long). The experiment aims to reduce the systematic (now = 4.6%) and
statistical uncertainties well below 5%. Increase of the sensitive mass by a
factor two to three is foreseen in the proposal. If this will not be feasible,
the date of closure of the experiment (a few years from now) will be
defined on scientific grounds.
The measurement of the mono-energetic, 0.86 MeV, Be neutrino flux in
real time is the principal aim of the BOREXINO[16]. Indeed Be neutrinos
flux appears to be particularly sensitive to oscillation parameters. Electrons
resulting from a neutrino (any flavour, but  and  with smaller than e

cross-sections) scattering in the liquid scintillator detector medium will
produce a light flash that will be detected by photomultipliers. 300 t of
ultra-pure pseudocumene will be contained in a nylon sphere, the 100 t
innermost mass being the sensitive volume. A larger volume of
pseudocumene inside a 13.7 m diameter stainless steel sphere hosting the
optical modules surrounds the nylon sphere. This sphere is immersed in a
2500 t purified water tank.
The experiment is designed with a threshold of 0.25 MeV. The main
problem at such low energies is the control of the background due to the
always present radioactive isotopes. An intense R&D program has been
carried out in the last ten years to select materials and to purify them at
unprecedented limits of radio-purity. In parallel, techniques have been
developed to measure ultra-low levels of radioactivity. Record levels of
10 –16 – 10–17 (g of contaminant/g of material) for 232Th and 238U have been
achieved.
To complete program on solar neutrino physics we need to measure in
real time the neutrino spectrum in order to separate the contributions of
the different branches, pp , 7Be and 8B with a flavour sensitive experiment.
The LENS[17] proposal addresses the problem using e capture by 176Yb
nuclides that go into an excited 176Lu state. The Yb is loaded into an
organic liquid scintillator to detect the electron resulting from the capture
and the delayed , used as a tag, from the excited Lu decay. Notice that the
176Lu ground state is higher than that of 176Yb, making this nuclide stable
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against beta decay. This characteristics and the low (301 keV) threshold
for neutrino capture make 176Yb practically unique.
The techniques needed to prepare large quantities of scintillator doped
with a large fraction of Yb (at least 8%), with a reasonable light yield, with
a good attenuation length (several metres) and chemically have been
developed. The R&D are continuing to obtain requested radiopurity
levels. Neutrino sources necessary for calibration most be procured.

8. Nuclear astrophysics

The solar model calculations need the values of the cross sections of the
nuclear reactions involved in the different branches of the pp cycle. These
cross sections are so small, due to the extremely low Coulomb barrier
penetration probability at the relevant energies (called the Gamow peak),
that their measurement became only recently possible in the low
background Gran Sasso environment.
The LUNA experiment, based on a 50 kV ion accelerator, has already
measured the cross section of the important 3He + 3He→2p + 4He reaction
down to 17 keV[18] (where the cross section is only 20 fb and the rate 2
events/month!) below the Gamow peak. No resonance is present.
LUNA2 is the second-generation experiment. A 400 kV accelerator has
been designed and installed. It is now in operation, with beam energy
resolution better than 70 eV and long-term stability of 10 eV. A BGO-4π-
summing detector completes the new facility. The gas target is located
inside a borehole of the detector. A good energy resolution is indeed
essential to reduce the background. The reactions 14N (p, ) 15O, 3He (3He, )
7B and 7Be (p, ) 8B will be studied.

9. Neutrinos from Supernovae

Type II Supernovae in the Galaxy or in the Magellanian Cloud produce
enough neutrinos (all flavours) to be observable. Notice that when leaving
the Supernova core, electron neutrinos and antineutrinos have a softer
spectrum (average energy approximately 10 MeV, I’ll call it “soft”) than
the other flavours (average energy approximately 20 MeV, I’ll call it
“hard”). Neutrinos then cross the mantle, a medium of very high density
in which important matter induced flavour conversions take places. Having
left the star, the mass eigenstates propagate, independently one from the
other, to our detector, possibly with slightly different velocities. Clearly the
flux of a flavour we measure may be extremely different from that
produced in the Supernova core. The measurement of the arrival times
cannot, neither in principle, measure or limit, as is frequently but wrongly
claimed, the mass of the detected neutrino flavour, for example, of the tau
neutrino.
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On the other hand we can extract information on neutrino mixing. To
make an example, consider the case in which |Ue3|

2 is not too small (> a
few 10 –4). It can then be seen[19] that if ∆m2>0 the electron neutrino
spectrum as detected on Earth is equal to the originally produced muon
and tau neutrino spectra (that are equal), it is then hard. On the other hand,
the electron antineutrino spectrum is halfway between the soft and the
hard ones. If ∆m2<0, the roles of electron neutrinos and antineutrinos are
inverted. The measurement of the ratio of neutrino and antineutrino
spectra, which is almost model-independent, would allow determining the
sign of ∆m2.
At Gran Sasso the LVD dedicated experiment has a 1080 t sensitive mass
of organic liquid scintillator. The detector has a modular structure
consisting of 912 tanks each seen by three photomoltipliers. The tanks are
read out independently, so allowing a very high up time, at least of a part
of the apparatus (99.3% in 2000). LVD is mainly sensitive to electron-

antineutrinos through the process e + p → n + e+  (a few hundreds events
for a collapse in the Galaxy centre), but also to electron neutrinos through

e +12C → e – +12N  and to antineutrinos through e +12C → e + +12B .
These last processes have thresholds around 15 MeV. This fact excludes a
large fraction of the soft spectrum, not of the hard. As a consequence the
expected yield increases by an order of magnitude if electron neutrinos or
antineutrinos are made harder by matter effects.

12. Conclusions

Neutrino physics has entered in the last years a new age. The discovery of
neutrino oscillations has shown that neutrinos have non-zero masses and
that the leptonic flavour numbers are not conserved. The search for
neutrino-less double beta decays has already reached sensitivity in
Majorana mass capable to limit or to contradict some high energy
extensions of the standard theory. Dark matter searches are reaching the
regions were signals might appear.
These results that point to physics beyond the standard theory have been
obtained in underground low background laboratories. Gran Sasso has
contributed, as I have discussed.
An extremely interesting future appears to be in front of us were
revolutionary discoveries might become possible. In particular the space
that will be soon available at Gran Sasso and the quality of its
infrastructures have stimulated many interesting ideas and proposals. These
are in different stages of research and development, of test and of
preparation. Presumably not all of them will become a running experiment,
but we have good chances that at least a few will, with a bit of fortune,
produce in the next years outstanding results.
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