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Abstract

Our knowledge of the universe has been derived, since now, from obser-
vations of the electromagnetic radiation in a quite narrow range near the
optical band. However, advances in detectors technology allow at present
either to enlarge the electromagnetic energy band explored, as in the case of
γ-astronomy in the TeV range, either to consider other types of radiations
like neutrinos, Cosmic Rays or, possibly, gravitational waves.

This dissertation deals in particular with gamma and cosmic rays. Likely,
the first step toward CR astronomy would be the detection of correlation
between the related all-sky diffuse emission and the cosmological Large Scale
Structures. In the first part of the dissertation the possibility to recognize
the cosmological LSS with CRs of E > 1019eV is explored, while the first
hints of this signal from the actual available statistics are carefully checked.
In the second part of the dissertation the expected correlation of LSS and
the diffuse emission from γ-rays is also studied, looking for the prospects of
detection with the next generation of γ-observatories. The possibilities to
use the diffuse gamma anisotropies like a tool for Dark Matter γ-emission
searches are also investigated.

Keywords:

Astroparticle Physics, Cosmic Rays, Large Scale Structures, Gamma
Astronomy
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Preface

T
raditional astronomy has, until now, explored the universe in a wide
energy window ranging from the very low radio frequencies, passing

through the infrared and optical, until the X-band at the KeV-GeV energy.
The range of observed frequencies is slowly but steadily expanding in both
direction: new large-area radio telescopes plan to perform detailed high-
redshift surveys of the low frequency universe, while the novel discipline of
γ-astronomy in the last fifteen years has created a new picture of the sky in
the TeV energy range.

Particles above the TeV range, due to the very low flux expected, can
be observed only indirectly through the secondaries and the showers they
produce interacting with the earth’s atmosphere. The flux of these high
energetic particles, commonly named Cosmic Rays, is largely dominated by
atomic nuclei, mainly protons, with only about a fraction 10−5 of photons.
A brief review of the physics of CRs is provided in chapter 1. Nonetheless,
advances in the the techniques of gamma/hadron shower discrimination in the
TeV range have allowed the development of ground-based gamma astronomy.
Doubts remains about the possibility to use directly the bulk of charged
cosmic rays to perform astronomy until the highest energies observed, of the
order of 1020eV. The main difficulty comes from the presence of the galactic
and extragalactic magnetic fields. They are extremely weak, of the order µG
for galactic fields and nG for the extragalactic, but intense enough to bend
the trajectories of CRs along distances of kpc or Mpc, scrambling their arrival
directions and hiding the direct astrophysical information. In practice, in this
regime, only statistical considerations can be made about the sources.

Nonetheless, in the Ultra High Energy (UHE) range (>1019eV) the kinetic
energy and magnetic rigidity of CR particles is such that hundreds Mpc
distances can be traveled with deflection of few degrees, partially restoring the
initial directional information. Interestingly, at these energies CR particles
loose rapidly energy in the interaction with the Intergalactic Medium so that
only particles coming from few times 100 Mpc, a relatively short distance
in cosmological term, can reach the earth. Given the relevance that the
Large Scale Structure of the universe plays throughout this dissertation, a
brief introduction of the issue is contained in chapter 2. UHE astronomy
of the Nearby Universe seems then possible though the very low statistics
is the major limitation, the CR flux at this energy being less of 1 particle

v



per century per km2. With this statistics, basically two kind of astrophysical
scenario could be supported: i) the 1020eV sky is dominated by few nearby
powerful sources and even with very few detected events we should see them
clustered in spots or multiplets; ii) the sources are weak and numerous: they
cannot be singularly resolved but we can see their diffuse emission in the form
of an almost uniform distribution of events. Possibly, tiny anisotropies due
to the clustering properties of the sources could be present. A third scenario
(iii) could be possible in which the emission is not of astrophysical origin but
is related, instead, to new physics, like the decaying of super-massive particle
or of topological defects. The primary goal of astronomy at this energy is
thus the discrimination of these scenarios.

After that the small clustering of few events observed by the AGASA
experiment has not been confirmed by other independent observations, at
the moment the scenario ii) is the most attracting. This issue is the main
topic of chapter 3 in which the problem of statistics and the kind of anisotropy
signal expected in the sky is discussed in detail. The chapter is based on the
publication:

[I] A. Cuoco, R. D. Abrusco, G. Longo, G. Miele and P. D. Serpico,
“The footprint of large scale cosmic structure on the ultra-high energy
cosmic ray distribution,” JCAP 0601 (2006) 009 [astro-ph/0510765].

Actually, in this scenario a reasonable hypothesis is that the sources of
UHECRs trace the Large Scale distribution of matter in the nearby universe;
the distribution of the events is then expected to show some large scale
anisotropy correlated with the local distribution of matter. To gain insight
in this problem we use the information relative to this matter anisotropy,
available through various astronomical catalogues like PSCz, 2Mass, SDSS
and the 2dF, to build a simple model of the pattern and intensity of the
expected fluctuations. This model can then be used to forecast the statistics
needed to robustly test this scenario. Luckily, the results confirm that the
required statistics is reachable in few years of operation of the large-area
AUGER observatory, hopefully providing the answer to these uncertainties.

Even if the actual statistics is not enough to draw strong conclusion on
the subject, it is worth testing the actual data looking for some first hints
of anisotropies. Interestingly, very recently has been found that clustering
proprieties of the actual available data (of the order of 100 events) have
a prominent peak at about 20◦ showing then a large scale anisotropy. In
chapter 4 we test this signal comparing it with what expected from scenario
ii). We found that Large Scale Structures anisotropies nicely explain the
characteristics of the data clustering features. Indeed, the evidence is still
not very strong, about 3-σ, and need to be confirmed by higher statistics,
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however it could be certainly a first step towards the CR origin clarification.
The chapter is based on the paper:

[II] A. Cuoco, G. Miele and P. D. Serpico, “First hints of large scale
structures in the ultra-high energy sky?,” astro-ph/0610374.

The rest of the dissertation is devoted to γ-astronomy. An introduction
to the field is offered in chapter 5. The link with the first part is offered again
by the local LSS: γ propagating through the intergalactic medium at TeV en-
ergies suffer an attenuation similar to UHECRs, this time due the e+e− Pair
Production on the Infrared/Optical background, that, again, introduces a
gamma-horizon of few hundreds Mpc. The extragalactic γ-background, dis-
covered only few years ago by EGRET, is then expected to show anisotropies
correlated with the LSS pattern in the local universe, similarly to the case
of UHECR. We study the expected anisotropies in chapter 6; the chances
of detection are then addressed in the light of the forthcoming satellite and
ground-based detectors. The chapter is based on the paper:

[III] A. Cuoco, S. Hannestad, T. Haugbølle, G. Miele, P. D. Serpico and
H. Tu, “The Signature of the Large Scale Structures on the very-high
energy gamma-ray sky,” (in preparation)

These anisotropy studies are important also for the prospects of search
for indirect Dark Matter emission. Dark Matter, in fact, is expected to self-
annihilate, though with a very slow rate, producing γ photons just in the 100
GeV-10 TeV range (the exact value depending on the underlying DM mass).
The extragalactic γ-background anisotropies could then be a powerful mean
to disentangle the DM emission from the ordinary astrophysical contribution.

In the 3-years period of my PhD at Naples I worked also on other argu-
ments besides that presented in this dissertation, that I briefly summarize
below.

Neutrino Astronomy
Considering different types of radiation other than the electromagnetic con-
stitutes one of the most powerful means to extend our knowledge of the
universe. Besides the Cosmic Rays, considered above, a very promising mes-
senger is the neutrino which, with its very weak interaction properties, allows
in principle to test the very distant universe or the inner and denser core of
the astrophysical accelerators. Unluckily, just because of these weak inter-
actions, the construction of a neutrino telescope results extremely difficult,
requiring large amounts of target material for the detection. The actual ef-
forts are converging towards a km3 detectors placed both in ice or water. No
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extraterrestrial neutrinos has been detected yet (apart from the exceptional
case of emission from Sn1987A and the usually detected solar neutrinos).
At the moment, then, Neutrino astronomy is still in a phase of detector
characterization. In particular, in the work:

[IV] A. Cuoco, G. Mangano, G. Miele, S. Pastor, L. Perrone, O. Pisanti
and P. D. Serpico, “Ultra high energy neutrinos in the Mediterranean:
Detecting ντ and νµ with a km3 telescope,” astro-ph/0609241.

is performed a study of the ultra high energy neutrino detection perfor-
mances of a km3 Neutrino Telescope sitting at the three proposed sites for
ANTARES, NEMO and NESTOR in the Mediterranean sea. The attention
is focused on the effect of the underwater surface profile on the total amount
of yearly expected τ and µ crossing the fiducial volume in the limit of full
detection efficiency and energy resolution. Also emphasized is the possible
enhancement of matter effect by a suitable choice of the geometry of the
Telescope.

Primordial nucleosynthesis, Cosmic Microwave Background and Large Scale
Structure Clustering
One of the goals of cosmology is to pursue the universe as far as possible in
time. Cosmic Microwave Background (CMB), the relic thermal emission of
Big Bang explosion at T ≃ 2.73◦K, and Primordial nucleosynthesis (BBN)
are the means to observe the universe when its age was 100,000 yrs and few
minutes only, respectively. Their study allows then to compare the stan-
dard model of cosmology at two very different ages and to test the overall
cosistency. In particular, in the work:

[V] A. Cuoco, F. Iocco, G. Mangano, G. Miele, O. Pisanti and P. D. Ser-
pico, “Present status of primordial nucleosynthesis after WMAP: results
from a new BBN code,” Int. J. Mod. Phys. A 19 (2004) 4431 [astro-
ph/0307213].

theoretical estimates for nuclei abundances, along with the corresponding un-
certainties, are evaluated using a new numerical code. The combined analysis
of CMB and primordial nucleosynthesis prediction for Deuterium produces
results in good agreement with the simplest scenario of three non degenerate
neutrinos. A slight discrepancy, instead, appears when 4He mass fraction
measurements are considered, pointing toward a systematic in the measure-
ment or, possibly, to the effect of exotic physics, like a slightly degenerate
relic neutrino background.

CMB measurements seems, moreover, at present time, the only way to
gain some insight on the analogous background of cosmological neutrinos
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(with T ≃ 1.95◦K), not detectable in a direct way but, whose presence, in-
fluences the pattern of the anisotropies in CMB data. Additional information
is also provided by the power spectrum of LSS, as measured for example by
SDSS and 2dF, whose slope is sensitive to the presence of neutrinos. In the
work:

[VI] A. Cuoco, J. Lesgourgues, G. Mangano and S. Pastor, “Do obser-
vations prove that cosmological neutrinos are thermally distributed?,”
Phys. Rev. D 71 (2005) 123501 [astro-ph/0502465].

the usual assumption that relic neutrinos possess a Fermi-Dirac distribution,
is tested. A Bayesian likelihood analysis is performed showing that current
cosmological observations of BBN abundances, CMB anisotropies and LSS
clustering are compatible with very large deviations from the standard pic-
ture.
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Chapter 1

Brief review of Cosmic Ray

physics

C
osmic rays represent one of the most fascinating research themes in modern
astronomy and physics. The field is very wide and involves many different

aspects like particle physics, cosmology, high-energy astrophysics and astronomy.
In this chapter a brief review of the various involved issue is presented together with
a basic description of the various experimental techniques and some of the (pre-
Auger) observational results. To integrate the material presented here, suggested
further readings are for instance [1; 2; 3] and the extensive reviews [4; 5; 6; 7; 8].

1.1 Introduction

Cosmic rays, first discovered by Victor Hess in 1912, are mainly charged
particles accelerated at very high energies by astrophysical sources located
anywhere beyond the atmosphere of the Earth. 89% of cosmic rays consists
of protons, followed by α−particles (∼ 10%) and heavier nuclei (∼ 1%) 1.
All elements of the periodic table, including transuranic elements, have been
detected. More details on the composition of cosmic rays can be found in
Ref. [1] and references therein.

Within the flux of incoming particles one can distinguish different com-
ponents. The most relevant ones are galactic CR (GCR) and solar energetic
particles (SCR). GCR originate from sources located in our galaxy outside
the solar system. It is believed that GCR are a consequence of astrophysical
events like stellar flares, stellar coronal mass ejections, supernova explosions,
particle acceleration by pulsars. The smallest detectable energy of GCR is
about 1 GeV. Below this energy, the screening effect of the solar wind is too
strong to allow them to penetrate the heliosphere [9].

The number of particles at a certain energy E within a certain small en-
ergy interval dE is called the spectrum. Cosmic rays have usually a powerlaw

1It should also be noted that the flux of particles below the energy of 10GeV strongly
depends on the 11–year solar cycle.
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Figure 1.1: The CR all-particle spectrum observed by different experiments above 1011 eV
(from Ref. [4]). The differential flux in units of events per area, time, energy, and solid
angle was multiplied with E3 to project out the steeply falling character. The “knee”
can be seen at E ≃ 4 × 1015 eV, the “second knee” at ≃ 3 × 1017 eV, and the “ankle” at
E ≃ 5 × 1018 eV

spectrum, which is referred to as a non-thermal behavior, since non-thermal
processes are thought to be producing such spectra. Flux is usually expressed
as the number of particles, coming in per area, per second, per solid angle
in steradians (all sky is 4 π), and per energy interval. Cosmic rays have a
spectrum near E−2.7 up the the knee, at about 5 × 1015 eV, and then about
E−3.1 beyond, up the ankle, at about 3×1018 eV, beyond which the spectrum
becomes hard to quantify, but can very approximately again be described by
E−2.7. We will refer to the range E ≥ 1018 as the Ultra High Energy (UHE)
range. There is no other strong feature in the spectrum, especially no cutoff
at the upper end. There is some limited evidence from the newest experi-
ments (AGASA [10; 11; 12] and HiRes [15; 16]) for another feature, at about
3×1017 eV, called the second knee, where the spectrum appears to dip. Both
the first and the second knee may be at an energy which is proportional to
charge, i.e. at a constant Larmor radius, and therefore may imply a range in
energies per particle. Figure 1.1 shows the overall cosmic ray spectrum.

The arrival directions of CR are quite isotropic. This feature is strongly
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related to the interactions of CRs with the magnetic field of our galaxy of the
order of 6 × 10−6 Gauss. More precisely one should note that there are two
different components in the magnetic fields of our galaxy, a regular one and
a turbulent one, see Ref. [18]. The strengths and directions of the magnetic
fields belonging to the turbulent component are random [9; 18]. Due to this
randomness, the trajectories of CR are randomly bent. As a consequence,
the flux of CR which arrives on the Earth is also random or, more precisely,
isotropic. However at a ceratin threshold, of the order of 1018eV, CR have
enough rigidity to escape the galaxy following trajectories which are almost
straight lines. For this reason, the ultra high energy protons which reach the
Earth should arrive along directions which are approximately parallel to the
galactic plane. However, this conclusion is not confirmed by observations.
Observations show in fact that the spatial distribution of ultra high energy
protons is isotropic, so that their directions are not aligned with the galactic
plane. This is of course a strong hint that UHECR are of extragalactic origin.
This transition is believed however to cause a break in the energy spectrum
that we observe in the ankle.

The energies of these cosmic ray particles, that we observe, range from a
few hundred MeV to ≃ 300 EeV. The integral flux ranges from about 10−5

cm−2 s−1, sr−1, at 1 TeV per nucleus for protons, to 1 particle per steradian
per km2 and per century around 1020 eV, a decrease by a factor of 3 × 1019

in integral flux, and a corresponding decrease by a factor of 3 × 1027 in
differential flux, i.e. per energy interval (see also Fig. 1.1). Electrons have
only been measured to a few TeV.

The features of the “knees” are instead believed to originate from a change
in chemical composition. The chemical composition is rather close to that of
the interstellar medium, with a few strong peculiarities relative to that of the
interstellar medium. Concerning the energy dependence towards the knee,
and beyond, the fraction of heavy elements appears to continuously increase,
with moderately to heavy elements almost certainly dominating beyond the
knee [17], all the way to the ankle, where the composition seems to become
light again [19; 20; 21]. This means, at that energy we observe a transition
to what appears to be mostly Hydrogen and Helium nuclei. At much higher
energies we can only show consistency with a continuation of these properties,
we cannot prove unambiguously what the nature of these particles is.

Finally much uncertainty is around a possible end of the CR spectrum
at the higher energies around 1020eV. In fact, it has been noted that protons
of energies above 5×1019eV would lose their energy by interacting with the
photons of the microwave background radiation. This effect was predicted
in 1966, one year after the detection of the microwave background radiation,
by Greisen [22], Kuzmin and Zatsepin [23](the GZK-effect). Protons with
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energies above that threshold will be slowed down during their travel to
the Earth by photo-pion production until their energy falls below the GZK-
limit. This mechanism is so efficient that, in practice, protons with energies
higher than 5×1019eV should not be observed on the Earth if their source
is located at distances which are greater than ≃100 Mpc (see sec. 3.3.1).
Experimentally, however, the cutoff has been both ruled out by AGASA [10]
and confirmed by HiRes [24]. A final statement is expected from the AUGER
observatory.

1.2 Interaction of CR with the Earth’s

atmosphere

Generalities

When CR arrive near the Earth, they hit the nuclei of the atoms of the at-
mosphere, in particular nitrogen and oxygen, producing in this way secondary
particles. The first interaction of the CR primary particle takes place in the
top 10% of the atmosphere [25]. The most relevant reactions, reminding that
90% or more of CR consists of protons, are:

pp −→ pnπ+ or pp −→ ppπ0 (1.1)

pn −→ ppπ− or pn −→ pnπ0 or pn −→ nnπ+ (1.2)

(1.3)

though, one should remember that the collisions of CR with the atmosphere
gives raise also to less relevant reactions, which produce particles like kaons,
η particles and even resonances.

In the above reactions all the secondary particles are hadrons, namely
protons p, neutrons n and pions in all their charged states π±, π0. Pions may
in turn decay according to the following processes:

π+ −→ µ+νµ and π− −→ µ−ν̄µ (1.4)

π0 −→ γγ (1.5)

where the µ±’s are muons, the γ’s are photons and νµ, ν̄µ are respectively
muonic neutrinos and their anti-particles. The mean life of pions is 26ns
for π± and 10−16 seconds in the case of π0. For this reason, charged pions
may still collide with air atoms before decaying, but it is very unlikely that
this happens in the case of neutral pions, which have a very short mean life.
Other secondary particles, like protons, neutrons and photons interact very
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frequently with the atoms of the atmosphere giving raise in this way to a
cascade of less and less energetic secondary particles i.e. an Extensive Air
Shower (EAS). At the end, these particles are stopped by the atmosphere
or, if the energy of the primary particle was sufficiently high, they can reach
the ground.

The main mechanism of energy loss of high energetic hadrons consists in
the disintegration of the molecules of the atmosphere, see Fig 1.2. This leads
to the creation of new particles through nuclear interactions like those shown
in Eqs. (1.1) and (1.2). At lower energies, dissipative processes become dom-
inant, in which the molecules of the atmosphere get either ionized or excited.
The most relevant process of this kind in the case of heavy charged particles is
the ionization of the molecules of the atmosphere. Lighter charged particles
like electrons and positrons lose their energies not only by ionization, but also
by bremsstrahlung. This consists in the radiative loss of energy of charged
particles moving inside matter, when they are deflected by the electrostatic
forces of the positive charged nuclei of the surrounding molecules.

The total number of secondary particles Nsec within the cascade grows
rapidly, mainly sustained by the processes of bremsstrahlung and pair pro-
duction due to electrons, positrons and photons. Hadrons like protons and,
to a less extent, neutrons, are easily stopped by the atmosphere, so that they
increase relevantly the number of particles by disintegrating the molecules of
air only during the first stages of the formation of the cascade. The decays of
pions given in Eqs. (1.4) and (1.5) produce muons and photons of considerable
energies. The muons are very penetrating particles and do not interact very
much with the air. They lose a small fraction of their energy before reaching
the ground by ionizing the molecules of the atmosphere. The photons give
raise instead to electron-positron pairs e+e−. In turn, electrons and positrons
create other electrons by ionization or other photons due to bremsstrahlung.
In this way, while the cascade propagates inside the atmosphere, the number
of its electrons, positrons and photons grows almost exponentially. The max-
imum number of particles inside the cascade is attained when the average
energy per electron reaches the threshold ET ∼80MeV. When the energy of
electrons in air falls below that threshold, ionization starts to prevail over
bremsstrahlung as the main mechanism of energy loss of electrons in air and
the process for increasing the number of particles described above ceases to
be effective.

If the energy of the primary particle is below 1014eV, essentially only the
penetrating muons and neutrinos are able to arrive to the sea level, while the
other particles in the cascade are absorbed at higher altitudes. Muons have
a short mean life at rest (2.2ns), but since they travel at very high speeds,
they manage to reach the surface of the Earth due to the relativistic boosting
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of time. Part of these muons can still decay, giving raise to electrons e− or
positrons e+, mainly according to the processes: µ+ = e+ + νe + ν̄µ and
µ− = e− + ν̄e + νµ.

When the energy of the primary particles is instead above 1014eV, the
cascade of secondary particles arrives to the ground before being stopped by
the atmosphere creating an air shower, see Fig.1.2.

At sea level (atmospheric thickness of 1033 g/cm2) the number of sec-
ondaries reaching ground level (with energies in excess of 200 keV) is about
3×1010 particles. 99% of these are photons and electrons/positrons in a ratio
of 6 to 1. Their energy is mostly in the range 1 to 10 MeV and they trans-
port 85% of the total energy. The remaining 1% is shared between mostly
muons with an average energy of 1 GeV (and carrying about 10% of the total
energy), pions of a few GeV (about 4% of the total energy) and, in smaller
proportions, neutrinos and baryons. The lateral development of the shower
is represented by its Molière radius (or the distance within which 90% of the
total energy of the shower is contained) which, in the standard air is 70 m.
However, the actual extension of the shower at ground level is of course much
larger. As an example, at a distance of 1 km from the shower axis, the av-
erage densities of photons/electrons/muons are 30/2/1 per m2. Usually the
hadronic component, which is composed by heavier particles than those of
the muon and electromagnetic components, is less deflected from the direc-
tion of the incident primary particle by the interactions with the atmosphere
and it is thus concentrated in a narrow cone inside the air shower. The center
of the cone is roughly aligned with the direction of the original primary par-
ticle. The maximum number of particles, i. e. the so-called point of shower
maximum or simply shower maximum, is attained at an altitude of 2–3 km
above the sea level.

Showers initiated by heavier nuclei can be described by making use of a
superposition principle: a heavy nucleus of mass number A and energy E
can be in a first approximation considered as a superposition of A showers
initiated by nucleons each with an energy of E/A, therefore less penetrating
than a nucleon with energy E (roughly 100 g/cm2 higher in the atmosphere
for iron).

High Energy behavior

At very high energies (>1015eV) the physics of atmospheric showers is further
complicate by the fact that the CM energy exceeds the range studied by
Particle Accelerators and extrapolations have to be used while new effects
starts to appear.

For a photon shower the proportion of muons will be even smaller and
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Figure 1.2: (From Ref.[8]) This figure illustrates schematically how air showers generate
from cosmic rays. The high energetic primary particle, usually a proton, whose trajectory
has been denoted in black, starts to interact with the molecules of the upper atmosphere.
In this way, secondary particles are produced, which give raise to other particles (tertiary,
quaternary etc.) via other interactions with the atmosphere or via decay processes. The
total flux of particles can be divided in a electromagnetic component (photons, electrons
and anti-electrons or positrons), see the blue trajectories in the figure, in a muon com-

ponent, see the cyan and red trajectories, and finally in a nucleonic component (mainly
protons, neutrons, rarely pions) denoted in brown. At the sea level, the air shower has the
form of a pancake, whose height is around two meters, while its radius usually around a
few hundreds of meters, but may reach some tents of kilometers in the case of very ener-
getic cosmic rays. The nucleonic component is usually confined in a narrow cone centered
along the direction of the incoming primary particle.
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at the highest energies and another physical process will have important
consequences on the EAS detection and characterization. This is the Landau-
Pomeranchuk-Migdal (LPM) effect[26] which describes the decrease of the
photon/electron nucleus cross-sections with energy and with the density of
the medium with which they interact. Even in the upper atmosphere, the
LPM effect becomes appreciable at energies in the EeV range so that it
is possible for a photon of 100 EeV to develop an EAS very deep in the
atmosphere, yielding less than 109 particles at ground level. Such a shower
would have an extension of only a few km2.

These effects are studied through heavy use of EAS Monte Carlo pro-
grams such as AIRES,[27] CORSIKA,[28] or MOCCA.[29] At the UHECR
ranges, where the center-of-mass energies are much higher (almost two orders
of magnitude) than those attainable in the future (and the most powerful)
accelerator LHC, the correct modelling of the EAS in these programs be-
comes delicate. Some data are available from accelerator experiments such as
HERA,[30] and showers of about 1016 eV are now being well studied through
experiments such as KASCADE.[31] The models are thus constrained at
lower energies and then extrapolated at higher ranges.

The most commonly used models for the high energy hadronic interac-
tions of the simulation programs are SIBYLL [32], VENUS [33], QGSJet [34]
and DPMJet [35]. Some detailed studies of the different models are available
[36]. A clear conclusion is that the simulation results are never identical,
even when the same theoretical models are used in different programs. How-
ever, when simulating a shower, these models are only used for the first few
interactions and an EAS yields about 1010 or 1011 particles at ground level.
Therefore the main shower parameters, such as the reconstructed direction
and energy of the primary CR, are never strongly dependent on the cho-
sen model. However, the identification of the primary is more problematic.
Whatever technique is chosen the parameters used to identify the primary
cosmic ray undergo large physical fluctuations which make an unambiguous
identification difficult.

A complete analysis done by the KASCADE group on the hadronic core of
EAS[31] has put some constraints on interaction models beyond accelerator
energies. Various studies seem to indicate QGSJet as being the model which
best reproduces the data[36; 37] with still some disagreement at the knee
energies (1016 eV). For the highest energies, additional work (and data) is
needed to improve the agreement between the available models.
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1.3 The detection of the UHECR

When the cosmic ray flux becomes smaller than 1 particle per m2 per year,
satellite borne detectors are not appropriate any more. This happens above
1016 eV (the “knee” region). Then large surfaces are needed. The detectors
then become ground-based and what they detect is not the incident particle
itself but the cascade of secondary particles initiated by the cosmic ray inter-
actions with the atmosphere (i.e. its EAS). The object of study is therefore
this cascade.

Another distinction has to be made between the techniques used at lower
and higher energies. Air showers can actually be observed at much lower
energies than the knee region. Gamma ray astronomy, for example, uses the
properties of the EAS (production of Cerenkov light by charged secondaries
in the atmosphere) to detect and measure cosmic photons from a few tens
of GeV up. We will discuss more extensively gamma detection in chapter 5.
The main difference with the higher energies is that above a few hundreds of
TeV and up to 1020 eV, cosmic rays are mainly charged particles which cannot
be associated with a point source as is the case with photons. Therefore a
ground-based cosmic ray detector must survey the whole sky and not point
at a defined source.

There are two major techniques used in the detection of the highest energy
cosmic rays. The first, and the most frequent, is to build an array of sensors
(scintillators, water Cerenkov tanks, muon detectors) spread over a large
area. The detectors count the particle densities at any given moment, thus
sampling the EAS particles hitting the ground. The surface of the array is
chosen in adequation with the incident flux and the energy range one wants
to explore (large array surfaces for weak fluxes, large density of sensors for
lower energies). From this sampling of the lateral development of the shower
at a given atmospheric depth one can deduce the direction, the energy and
possibly the identity of the primary CR. The second technique, until recently
the exclusivity of the Fly’s Eye (then HiRes) group, consists in studying
the longitudinal development of the EAS by detecting the fluorescence light
produced by the interactions of the the charged secondaries.

1.3.1 The optical fluorescence technique

The idea that one could use the fluorescence light produced in the atmosphere
to detect and characterize the EAS was first suggested independently by
Greisen and Suga [38] and then by a few other authors in the early sixties.
The basic principle is simple [39] (although the detector itself and the mea-
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suring techniques are quite sophisticated): the charged particles produced
in the development of the EAS excite the nitrogen atoms of the atmosphere
which then emit, very quickly and isotropically, fluorescence light which can
be detected by a photo-multiplier. The emission efficiency (ratio of the energy
emitted as fluorescence light to the deposited one) is poor (less than 1%),
therefore observations can only be done on clear moonless nights (which re-
sults in an average 10% duty cycle) and low energy showers can hardly be
observed. At higher energies, the huge number of particles in the shower pro-
duce enough light to be detected even at large distances. The fluorescence
yield is 4 photons per electron per meter at ground level. The emitted light
is typically in the 300-400 nm UV range to which the atmosphere is quite
transparent. Under favorable atmospheric conditions an UHECR shower can
be detected at distances as large as 20 km (about two attenuation lengths in
a standard desert atmosphere at ground level).

The first successful detectors based on these ideas were built by a group
of the University of Utah, under the name of “Fly’s Eyes”, and used with the
Volcano Ranch ground array (see Section 1.3.3). A complete detector was
then installed at Dugway (Utah) and started to take data in 1982. An up-
dated version, the High-Resolution Fly’s Eye, or HiRes, is presently running
on this same site.

Figure 1.3 shows the geometry

Detection
plane

Shower
axis

Zenith

Detector

Impact
point

Figure 1.3: The principle of the detection of
an EAS by a fluorescence telescope.[39]

of the detection of an air shower
by Fly’s Eye type detectors (which
are usually given the more generic
name of “fluorescence detectors” or
“fluorescence telescopes”). The de-
tector sees the shower as a variable
light bulb moving at the speed of
light along the shower axis. A rough
estimate of the equivalent radiated
power would be 3E/EeV watts at
the shower maximum, where E is
the primary energy in EeV. The de-
tector itself is a set of phototubes
mounted on a “camera” set at the
focal plane of a mirror. Each pho-
totube sees a small portion of the
sky (typically 1◦). A fit on the pat-
tern of tubes hit by the fluorescence
photons determines with a precision better than one degree the plane con-
taining the detector and the shower axis. In the stereo mode (EAS seen by
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two telescopes installed a few km apart), two planes are thus reconstructed
and their intersection gives the incident direction with good precision. In the
mono mode (EAS seen by a single telescope), one has to rely on the the time
of arrival of the photons on the tubes. A good reconstruction of the direction
(the Ψ angle) then needs a large number of pixels to be hit, enough to mea-
sure simultaneously the angular velocity and the angular acceleration of the
shower development. Finally, in the hybrid mode, i.e. simultaneous detection
of the EAS with a fluorescence telescope and a ground array, the knowledge
of the intersection of the shower axis with the array plane (reconstructed by
the array) allows the selection of the right direction in the family of lines in
the detector-shower axis plane. For 100 EeV showers, a precision of 0.2◦ can
then be reached.

The fluorescence technique is the most appropriate way to measure the
energy of the incident cosmic ray: it is a partial calorimetric measurement
with continuous longitudinal sampling. The amount of fluorescence light
emitted is proportional to the number of charged particles in the shower. The
EAS has a longitudinal development usually parameterized by the analytic
Gaisser-Hillas function giving the size Ne of the shower (actually the number
of the ionizing electrons) as a function of atmospheric depth x:

Ne(x) = Nmax

(

x − x0

Xmax − x0

)(Xmax−x0)/λ

e(Xmax−x)/λ

where λ = 70 g/cm2, x0 is the depth at which the first interaction occurs, and
Xmax the position of the shower maximum. The total energy of the shower is
proportional to the integral of this function, knowing that the average energy
loss per particle is 2.2 MeV/g cm−2.

In practice several effects have to be taken into account to properly con-
vert the detected fluorescence signal into the primary CR energy. These in-
clude the subtraction of the direct or diffused Cerenkov light, the (wavelength
dependent) Rayleigh and Mie (aerosol) scatterings, the dependence of the at-
tenuation on altitude (and elevation for a given altitude) and atmospheric
conditions, the energy transported by the neutral particles (neutrinos), the
hadrons interacting with nuclei (whose energy is not converted into fluores-
cence) and penetrating muons whose energy is mostly dumped into the earth.
One also has to take into account that a shower is never seen in its totality
by a fluorescence telescope: the Gaisser-Hillas function parameters are mea-
sured by a fit to the visible part of the shower, usually cut at the beginning
(interaction point) and the end (tail absorbed by the earth). All these effects
contribute to the systematic errors in the energy measurement which needs
sophisticated monitoring and calibration techniques, e.g the use of powerful



12 Chapter 1 Brief review of Cosmic Ray physics

laser beams shot through the atmosphere. The overall energy resolution one
can reach with a fluorescence telescope is of course dependent on the EAS
energy but also on the detection mode (mono, stereo or hybrid). The HiRes
detector should have a resolution of 25% or better above 30 EeV in the mono
mode. This improves significantly in the stereo or hybrid modes (about 3%
median relative error at the same energy in the latter case).

1.3.2 The ground array technique

A ground array is a set of particle detectors distributed as a more or less
regular matrix over some surface. The surface of the array is a direct func-
tion of the expected incident flux and of the statistics needed to answer the
questions at hand. The 100 km2 AGASA array is appropriate to confirm
the existence of the UHECR with energies in excess of 100 EeV (which it
detects at a rate of about one event per year). To explore the properties of
these cosmic rays and hopefully answer the open question of their origin, the
relevant detector will no doubt be the Auger Observatory with its 6000 km2

surface over two sites.
The array detectors count the number of secondary particles which cross

them as a function of time. Therefore, they sample the non-absorbed part
of the shower which reaches the ground. The incident CR’s direction and
energy are measured by assuming that the shower has an axial symmetry.
This assumption is valid for not too large zenith angles (usually θ < 60◦).
At larger angles the low energy secondaries are deflected by the geomagnetic
fields and the analysis becomes more delicate.

The direction of the shower axis (hence of the incident CR) is recon-
structed by fitting an analytical function (the “lateral distribution function”
or LDF) to the measured densities. The LDF explicit form depends on each
experiment.

Once the zenith angle correction is made for the LDF, an estimator of
the primary CR energy is extracted from this function. At energies below
10 EeV, this estimator is usually taken as the particle density (whatever
particles detected by the array stations) at 600 m from the shower core, ρ600.
The density at 600 m is chosen for the following reason. Because of variations
on the primary interaction point (and the position of the shower maximum),
there are large fluctuations in the ground densities close to the core. At the
same time, the statistical fluctuations in the measured densities are important
at large distances where the densities are low. Monte Carlo studies show
that somewhere in between, the overall fluctuation reaches a minimum. This
happens to be at 600 m from the core, a value slowly increasing when one goes
to the highest energies. In the UHECR range, a more appropriate density is
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ρ1000. Once this value is determined, the primary energy is related to it by a
quasi-linear relation:

E = kρα
600

where α is a parameter close to 1. Of course, to be able to reconstruct the
LDF, many array stations have to be hit at the same time by a shower. The
spacing between the stations determines the threshold energy for a vertical
shower: the 500 m spacing of the Haverah Park triggering stations corre-
sponds to a threshold of a few 1016 eV, while the 1.5 km separation of the
Auger Observatory stations makes this array almost 100% efficient for ener-
gies above 10 EeV.

1.3.3 Past and present detectors

The EAS detection performance of a ground based detector is given by its
acceptance (or aperture) A. For detectors large enough so that boundary
effects can be neglected, it is assumed that at a given energy an EAS is
detected whenever the shower axis hits the ground within an area S (for most
cases the surface covered by the ground array) and with a zenith angle having
a value between 0 (vertical showers) and a maximum θmax, usually about

60◦. The total geometrical aperture is then: A = S · fdc ·
∫ θmax

0
cos θdΩ =

πS sin2 θmax usually given in km2sr units. The factor fdc takes into account
the duty cycle of the experiment, of order ∼ 0.1 for an optical detector and
∼1 for a ground array.

The detectors that have contributed to the study of UHECRs are listed
below, with their total exposures in the relevant energy range [4].

• Volcano Ranch[40] (New Mexico, USA). This is the first detector
claiming to have detected a > 1020eV event in February 1962. It was
an array of 3 m2 scintillator counters with a spacing of 900 m and a
total area of about 8 km2. The detector’s total exposure was estimated
to be of the order of 60 km2 sr year.

• Haverah Park[41] (Great-Britain), an array of water Cerenkov tanks
of various sizes and spacings covering an area of 12 km2. The detector
took data during almost 20 years (1968-1987) with a total exposure of
270 km2 sr year. It reported 4 > 1020eV events.

• SUGAR[42] Sidney University Giant Air-Shower Recorder (Australia,
1968 − 1979). This experiment was made of 54 pairs of buried scin-
tillators spaced each other by 50 m, for a total area covered of 100
km2. Until recently it has been the only giant detector for EAS in the
southern hemisphere.
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• Fly’s Eye[19; 20](Utah, USA), a binocular system of fluorescence tele-
scopes. It is now being replaced by HiRes, a new generation fluores-
cence detector of larger aperture on the same site. Its total exposure
is estimated at about 600 km2 sr year in the mono-mode (an EAS de-
tected only by one of the two telescopes) and 170 in the stereo-mode.
The Fly’s Eye detected the most energetic particle ever (320 EeV), but
unfortunately in the mono-mode, hence with relatively large errors on
the measurements of the incident direction and energy.

• AGASA[11](Akeno, Japan), the largest, before AUGER, ground array
in the world. It was composed of 111 scintillator counters (2.2 m2

surface and almost 1 km spacing) over an area of 100 km2, with also 27
muon counters. AGASA has taken data from 1990 to 2003, with a total
exposure of 670 km2 sr year. The inner AKENO core was instrumented
for the observation of lower energy events.

• Yakutsk[43](Russia, 1974, present) This experiment was a pioneer in
the test of multi-instrument approach to EAS detection. It consists of
a combination of scintillators, muon and air-Cerenkov detectors with a
total covered area of about 12 km2.

• HiRes[15] The “High Resolution Fly’s Eye” or HiRes is an improved
version of the original Fly’s Eye detector. The present version of the
detector design consists of two “Eyes” separated by 13 km, situated at
a military site in Dugway (Utah, USA). The basic fluorescence tele-
scope of HiRes is a mirror equipped with a camera of 256 phototubes,
each phototube (pixel) watching an angular region of space of 1◦×1◦.
Therefore, each telescope has a field of view of 16◦×16◦, and a com-
plete eye is expected to cover a field of 30◦ in elevation and 360◦ in
azimuth with 44 telescopes. Its aperture is about 350 km2 sr at 10 EeV
and about 1000 km2 sr at 100 EeV. This gives a detection rate (based
on the empirical formula, see above) of about 10 events/year above
100 EeV. The HiRes detector’s optimal operating range is therefore the
decade between 5 and 50 EeV.

Among the previously mentioned experiments, only HiRes and Yakutsk
are still taking data, though the latter has been “down-graded” to study a
lower energy region. The solution to many unanswered questions in UHECRs
should come with two experiments of the next generation:

• Auger[44] The Auger Observatory is a detector whose design is based
on the “hybrid” detection mode (EAS simultaneously observed by a
ground array and a fluorescence detector).
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The Observatory whose construction started during the fall of 1999,
once completed, will be covering two sites, respectively in the south-
ern (Pampa Amarilla, province of Mendoza, Argentina) and northern
(Colorado, USA) hemispheres. The southern hemisphere detector is
especially interesting since very few detectors took data in the past in
this part of the world from where the direction of the center of our
galaxy is visible.

The size of the ground array is adapted to its physics aims: explore the
spectrum around and above the GZK cutoff. Therefore the surface of
each site was chosen to be of 3000 km2, so as to provide a statistics of
a few tens of expected events per year above 100 EeV. The detector is
designed to be fully efficient for showers with energies of 10 EeV and
above, with a duty-cycle of 100%. This will make the link with the
part of the energy spectrum well explored by AGASA and HiRes. The
energy threshold defines the spacing of the detector “stations”: with a
spacing of 1.5 km between the stations, a 10 EeV vertical shower will
hit on average 6 stations which is enough to fully reconstruct the EAS.
With such a spacing on a regular grid, the total number of stations is
about 1600. Each station is a cylindrical tank (the same basic design as
the Haverah Park array, but with much more sophisticated electronics),
of 10 m2 surface and 1.2 m height. The tanks are filled with filtered
water in which the secondary particles from the EAS produce light by
Cerenkov radiation.

Because of the size of the array, the stations have to work in a stand-
alone mode: they are powered by solar panels and batteries, and the
communication with the central station where the data-taking system
is installed is done by telecommunication techniques. The giant ar-
ray is completed by an optical device detecting the fluorescence light
produced in the EAS. Each telescope sees an angle of about 30 × 30
degrees. On the southern site, 24 telescopes are planned grouped in 4
stations of 6 telescopes each with a field of view of 180 degrees. In the
hybrid mode (10% of the events), the detector is expected to have on
average 10% energy resolution and an angular precision of about 0.3◦.
For the array alone those numbers become 20% and less than 1◦. The
statistics attainable with such a detector is dependent on what exactly
will happen above the GZK cutoff. However, with its total aperture of
14000 km2sr (both sites), the Auger Observatory should detect of the
order of 6000 events above 10 EeV and 60 above 100 EeV per year.

• Telescope Array[45] The Telescope Array(TA) is a joint Japanese-
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American project of a purely optical detector which, in its initial design,
aims to be used as a gamma-astronomy device as well as a fluorescence
detector. Its basic principles are identical to the HiRes technique. The
individual telescopes are made of 3 meter diameter segmented mirrors
with a camera of 256 pixels. Each pixel (hexagonal phototubes) sees
a patch of sky in a solid angle of 1◦ × 1◦ (hence a field-of-view of
16◦ × 16◦ per telescope). One TA station is made of 42 telescopes,
thus viewing the sky over 2π in azimuth and 30◦ in elevation. The
experiment site is in Utah, near the actual HiRes Site and the Panned
Auger Noth. The total aperture of the array should be about 5 times
the HiRes acceptance, depending on the spacing of the stations and the
performance of the pixels.

1.4 Chemical composition

The identification of the primary cosmic ray with a fluorescence telescope is
based on the shower maximum in the atmosphere (Xmax) which depends on
the nature and the energy of the incident cosmic ray. At a given energy, and
on the average, a shower generated by a heavy nucleus reaches its maximum
higher in the atmosphere than that of a light nucleus or a proton. Simulations
show typical values of (respectively for iron nuclei and protons) 750 and 850
g/cm2. Unfortunately, physical fluctuations of the interaction point and of
the shower development (larger than the precision on the shower reconstruc-
tion) blur this ideal image. As an example, at 10 EeV the typical fluctuation
on the Xmax position is 50 g/cm2. Thus, when the fluorescence technique is
used alone, it is practically impossible to define the primary composition on
a shower-by-shower basis. Therefore, one must look for statistical means of
studying the chemical composition and/or use the hybrid detection method
where a multi-variable analysis becomes possible.

The former method uses the so-called elongation rate measured for a sam-
ple of showers within some energy range. The depth of the shower maximum
as a function of the energy for a given composition is given by [46]:

Xmax = Del ln

(

E

E0

)

where E0 is a parameter depending on the primary nucleus mass. Therefore,
incident samples of pure composition will be displayed as parallel straight
lines with the same slope Del (the elongation rate) on a semi-logarithmic
diagram.
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Figure 1.4: Left: the Xmax elongation rate. Black dots: Fly’s Eye data. Open squares :
proton Xmax distribution based on the KNP model. Open circles: iron Xmax distribution
based on the KNP model. Diamonds: expected mean Xmax distribution based on a simple
two component model. Right: the ratio of charged particle size to muon size (muon
threshold 1 GeV) as a function of the primary energy from the Yakutsk experiment. Solid
lines are the Monte Carlo predictions of the QGS model (Upper curve: proton, lower
curve: iron). Dashed lines are the Monte Carlo predictions of a scaling model(Upper
curve: proton, lower curve: iron). (From Ref.[6])

A ground array makes use of two main effects to separate heavy from
light nuclei (and from photons): the proportion of muons compared to the
electromagnetic component of the shower and the rise time of the detected
signal. Both parameters are due to the way the muons are produced during
the shower development. The muons in a shower come from the decay of
charged pions when they reach an energy low enough so that their decay
length becomes smaller than their interaction length. Since this happens
earlier in the case of a primary heavy nucleus, the resulting shower is richer
in muons than a proton shower. At the same time, and since muons are pro-
duced earlier in the shower development, they reach the ground also earlier,
compared to the electromagnetic component which undergoes many interac-
tions before reaching the detector array.

One must keep in mind that observables contributing to the identification
(depth of the shower maximum, muon to electron-photon ratio in the EAS
at a given depth, position of the first interaction...) are subject to large
fluctuations and each identity signature includes an unavoidable background.
Therefore, the UHECR chemical composition is very likely to be unveiled only
on a statistical basis, and by cross-checking the information deduced from as
large a number of parameters as possible.
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• Composition from Xmax measurements

The Fly’s Eye group derive their composition estimate by comparing
the measurements with Monte Carlo predictions. The Monte Carlo
showers are generated using a QCD Pomeron model ( the so-called KNP
model) [47; 48]. The Monte Carlo generated showers are then passed
through the detector Monte Carlo simulation program to account for
detector trigger biases. Those events triggering both Fly’s Eye sites
in the detector Monte Carlo are written to a data file with the same
format as the real data. This fake data set is then reconstructed using
the same programs used in the real data analysis.

The mean Xmax as a function of primary energy measured by the Fly’s
Eye detectors, is shown in Fig.1.4(a) together with the model Monte
Carlo generated proton and iron showers. From the figure, one can
see that the composition is heavy at a few times 1017 eV and gradually
shifts to light primaries near 1019eV. The same conclusion is reached by
comparing the rise and fall of the full Xmax distributions in each energy
bin [49]. The elongation rate (the increment of Xmax per decade of
energy) from 0.3 EeV to 10 EeV is 78.9±3g/cm2 per decade for the real
data, and 50 g/cm2 per decade for the Monte Carlo simulated proton
or iron showers.

Constraints on hadronic interaction models by the Fly’s Eye measure-
ments arise from the fact that the Fly’s Eye measures both the absolute
Xmax position at each energy and the elongation rate. The absolute
mean value of Xmax around 3 × 1017 eV (about 630g/cm2) essentially
rejects any model with a large elongation rate, since those large elonga-
tion rate models inevitably predict a deeper Xmax at 3× 1017 eV, even
with an iron primary.

The facts that the measured absolute value of Xmax at 3 × 1017 eV is
low and that the measured elongation rate is high, naturally leads to
the conclusion that the composition is becoming lighter over the energy
range observed. Of course, a quantitative prediction of how quickly the
composition gets lighter is still model dependent.

• Composition from muon to electron ratio

In addition to the Cherenkov lateral distribution, the Yakutsk group
also measured muon densities. The all charged particle size is plotted
against muon size in Fig.1.4(b). Two model predictions are plotted in
the same figure, one uses the QGS model [50], and the other uses an
old-fashioned scaling model[51]. It is interesting to note that the QGS
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model predicts a charged particle to muon ratio which is more than a
factor of two smaller than the scaling model prediction at energies above
1018 eV. The Yakutsk group reach the same conclusion as the Fly’s Eye
about the composition as their Xmax result, if the QGS model is used to
interpret the data. On the other hand, the scaling model predicts fewer
muons, and prefers a flux of almost 100% iron below 1018 eV before
running into difficulty above 1018eV where a composition heavier than
iron is required.

The AGASA experiment has measured the muon density as a function
of the primary energy of cosmic rays or rather as function of S600, their
observable energy estimator.

The AGASA group based their primary identification on the muon con-
tent of the EAS at ground level,[52] an essentially independent method.
Showers initiated by heavier nuclei are expected to have a higher muon
content than light nuclei or protons, the gamma showers being the
poorest in muons. Initially the conclusion of the AGASA experiment
was quite opposite to the Fly’s Eye: no change in chemical composi-
tion. However a critical review of both methods[53] showed that the
inconsistencies were mainly due to the scaling assumption of the inter-
action model used by the AGASA group. The authors concluded that
if a model with a higher (compared to the one given by scaling) rate
of energy dissipation at high energy is assumed, as indicated by the di-
rect Xmax measurements of the Fly’s Eye, both data sets demonstrate
a change of composition, a shift from heavy (iron) at 0.1 EeV to light
(proton) at 10 EeV. Different interaction models as long as they go be-
yond scaling, would lead to the same qualitative result but eventually
with a different rate of change.

It is clear, that better measurements and a further refinement of interac-
tion models are necessary to resolve the composition issue. Gamma rays have
also high cross sections with air and are still another possible candidate for
UHECR but no evidence were found up to now for a gamma signature among
the highest energy events. The most energetic Fly’s Eye event was studied
in detail [54] and found incompatible with an electromagnetic shower. Both
interpretations of the AGASA and the Fly’s Eye data favor a hadronic origin.
Finally, it is worth mentioning that UHE neutrinos may also be detected by
their EAS. This is important because the detection of neutrinos (together
with an important component of photons) in the higher energy range of the
spectrum would be a solid signature of the top-down mechanisms (see Sec-
tion 1.5.3). However neutrino EAS will hardly be distinguishable from an
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Figure 1.5: Primary cosmic ray flux [57]. Results of some experiments for the all-
particle spectrum as well as for spectra of individual mass groups, in particular for protons.
Possible scenarios for the origin of a second knee are also shown.

hadronic shower; an alternative and promising way of detecting ultra-high
energy neutrinos would be to use horizontal air showers [55], i.e. showers
generated by cosmic rays with incident zenith angles larger than 60◦. In any
case, for neutrinos the interaction should occur uniformly in atmospheric
depth, a feature which is not reproduced by the current data. While neutri-
nos may very well be one of the components of the high energy end of the
cosmic ray spectrum and prove to be an unambiguous signature of the new
physics underlying the production mechanisms (see below) they do not seem
to dominate the observations at least up to energies of a few 1020 eV.

Finally, it is worth describing some results in the energy range below the
ankle where a satisfactory scenario is reached by assuming standard astro-
physical acceleration in supernova remnants. The most interesting results
in analyzing EAS in the knee region are originating from the KASCADE
experiment, where the data analyses aim to reconstruct the energy spectra
of individual mass groups, taking into account not only different shower ob-
servables (muon and electron shower sizes), but also their correlations on an
event-by-event basis. By applying unfolding procedures (based on Monte-
Carlo simulations using different hadronic interaction models) to the exper-
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imental data individual energy spectra are obtained as displayed in Fig. 1.5.
A knee like feature is clearly visible in the all particle spectrum, which is the
sum of the unfolded single mass group spectra, as well as in the spectra of
primary proton and helium. KASCADE claims that the elemental compo-
sition of cosmic rays is dominated by the light components below the knee
and by a heavy component above the knee feature [56]. Some other results
are reviewed in ref. [57].

1.5 Possible sources of the UHECR and

Acceleration Mechanisms

Today’s understanding of the phenomena responsible for the production of
UHERC, i.e. the transfer of macroscopic amounts of energy to microscopic
particles, is still limited. One distinguishes two classes of processes: the so
called “Top-Down” and “Bottom-Up” scenarios. In the former, the cosmic
ray is one of the stable decay products of a super-massive particle. Such
particles with masses exceeding 1 ZeV can either be meta-stable relics of
some primordial field or highly unstable particles produced by the radiation,
interaction or collapse of topological defects. Those processes are briefly
reviewed in Section 1.5.3.

In the second scenario discussed in section 1.5.2 the energy is transferred
to the cosmic rays through their interaction with electromagnetic fields. This
classical approach does not require new physics as opposed to the “Top-
Down” mechanism, but does not exclude it either since, in some models, the
accelerated particle - the cosmic ray - is itself “exotic”.

Once accelerated the cosmic rays must propagate from their source to
the observer. At energies above 10 EeV and except for neutrinos, the Uni-
verse is not transparent to ordinary stable particles on scales much larger
than about 10 Mpc. Regardless of their nature, cosmic rays lose energy in
their interaction with the various photon backgrounds, dominantly the copi-
ous Cosmic Microwave Background (CMB) but also the Infra-Red/Optical
(IR/O) and the Radio backgrounds. The GZK cutoff puts severe constraints
on the distance that a cosmic ray can travel before losing most of its energy
or being absorbed. The absence of prominent visible astrophysical objects
in the direction of the observed highest energy cosmic rays together with
this distance cutoff adds even more constraints on the “classical” Bottom-Up
picture.

For a more detailed review we address to the report by P.Bhattacharjee
and G.Sigl [58] and the references therein.
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1.5.1 Particle Propagation and the GZK cutoff

We will focus here on the propagation of atomic nuclei (in particular protons)
and photons. Electrons are not considered as potential UHECR because
they radiate most of their energy while crossing the cosmic magnetic fields.
Among the known stable particles, and within the framework of the Standard
Model, those are the only possible candidates for UHECR. As we mentioned
in Section 1.4, the actual data effectively favor a hadronic composition.

Soon after the discovery of the cosmic background radiation by Penzias
and Wilson (1965), Greisen [22] and Zatsepin and Kuzmin [23] predicted that
there would be a cutoff in the spectrum of protons around 6×1019 eV due
to photopion production on the microwave background. This has become
known as the GZK cutoff.

The principal reactions of protons p with background photons (γ2.7K) are

p + γ2.7K −→ n + π+ (1.6)

−→ p + π0

−→ p + e+ + e−. (1.7)

The dominant background photons are microwaves, which have a peak
energy of 6×10−4 eV and a photon density of about 400 per cm3. Though
the threshold energy for pair production [Eq. (1.7)] is about 1018 eV and the
mean free path is ∼ 1 Mpc, compared to 1019.6 eV and ∼ 6 Mpc for pion
production [Eq. (1.6)], the energy loss, per interaction, for pair production
is only 0.1% compared to 20% for pion production. Thus the process is less
significant than the photo-pion production.

A cutoff in the spectrum is predicted around several times 1019 eV if the
primary cosmic-ray energy spectrum extends beyond 1020 eV and the sources
are distributed uniformly throughout the universe, so that above the cutoff
only sources not far that ∼100 Mpc can be seen at Earth. More details on
protons propagation is given in Sec.3.3.1.

In the case of heavy nuclei of mass A, photodisintegration and pairpro-
duction processes are important:

A + γ2.7K −→ (A − 1) + N (1.8)

−→ (A − 2) + 2N

−→ A + e+ + e−. (1.9)

where N is a nucleon (proton or neutron). The main channels are (γ, n)
and (γ, p). The energy-loss rate through double-nucleon emission such as
(γ, 2n), (γ, np), or (γ, 2p) is about one order of magnitude lower than that
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Figure 1.6: Attenuation length of photons, protons and iron in various background
radiations as a function of energy.[4] The dot-dashed line represents the absolute upper
limit on the distance a particle can travel toward Earth, regardless of its initial energy.

through single-nucleon emission. The energy loss due to IR photons is only
effective below 5×1019 eV, while energy loss in interactions with microwave
background photons is most significant for energies above 2×1020 eV [59].
Though a nucleus does not disintegrate through pair creation, it loses energy
and there is an effect on the rate of energy loss, most notably in the region
between 5×1019 and 2×1020 eV.

In the case of gamma rays, pair creation through interaction with the
cosmic background radiation is most important in a wide energy range above
the threshold of 4×1014 eV,

γ + γ2.7K −→ e+ + e−. (1.10)

It should be noted that attenuation due to pair creation on diffuse back-
ground radio photons becomes dominant over microwave effects above 2×1019

eV. The propagation of photon through the intergalactic medium will be dis-
cussed more extensively in chapter 6. The attenuation length for photons
proton and nuclei is shown in Figure 1.6.
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1.5.2 Conventional acceleration: Bottom-Up scenarios

One essentially distinguishes two types of acceleration mechanisms:

• Direct, one-shot acceleration by very high electric fields. This occurs in
or near very compact objects such as highly magnetized neutron stars
or the accretion disks of black holes. However, this type of mechanism
does not naturally provide a power-law spectrum.

• Diffusive, stochastic shock acceleration in magnetized plasma clouds
which generally occurs in all systems where shock waves are present
such as supernova remnants or radio galaxy hot spots. This statistical
acceleration is known as the Fermi mechanism of first (or second) order,
depending on whether the energy gain is proportional to the first (or
second) power of β, the shock velocity.

Extensive reviews of acceleration mechanisms exist in the literature, e.g. on
acceleration by neutron stars [60], shock acceleration and propagation [61],
non relativistic shocks [62], and relativistic shocks [63].

Hillas has shown [64] that irrespective of the details of the acceleration
mechanisms, the maximum energy of a particle of charge Ze within a given
site of size R is:

Emax ≈ βZ

(

B

1 µG

)(

R

1 kpc

)

1018 eV (1.11)

where B is the magnetic field inside the acceleration volume and β the veloc-
ity of the shock wave or the efficiency of the acceleration mechanism. This
condition essentially states that the Larmor radius of the accelerated par-
ticle must be smaller than the size of the acceleration region, and is nicely
represented in the Hillas diagram shown in Figure 1.7.

Inspecting the Hillas diagram one sees that only a few astrophysical
sources satisfy the necessary, but not sufficient, condition given by Eq. (1.11).
Among the possible candidates we find, pulsars, Active Galactic Nuclei (AGN)
and Fanaroff-Riley Class II (FR-II) radio galaxies. Some of them are reviewed
e.g. by Biermann [7].

1.5.3 “Exotic” sources: Top-Down scenario

One way to overcome the many problems related to the acceleration of
UHECR, their flux, the visibility of their sources and so on, is to intro-
duce a new unstable or meta-stable super-massive particle, currently called
the X-particle. The decay of the X-particle produces, among other things,
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Figure 1.7: Size and magnetic field strength of possible acceleration sites [5]. Objects
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or protons β = 1 and β = 1/300) above 1020 eV.

quarks and leptons. The quarks hadronize, producing jets of hadrons which,
together with the decay products of the unstable leptons, result in a large
cascade of energetic photons, neutrinos and light leptons with a small fraction
of protons and neutrons, part of which become the UHECR.

For this scenario to be observable three conditions must be met:

• The decay must have occurred recently since the decay products must
have traveled less than about 100 Mpc because of the attenuation
processes discussed above.

• The mass of this new particle must be well above the observed highest
energy (100 EeV range), a hypothesis well satisfied by Grand Unifica-
tion Theories (GUT) whose scale is around 1024-1025 eV.

• The ratio of the volume density of this particle to its decay time must
be compatible with the observed flux of UHECR.

The X-particles may be produced by way of two distinct mechanisms:
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• Radiation, interaction or collapse of Topological Defects (TD), pro-
ducing X-particles that decay instantly. In those models the TD are
leftovers from the GUT symmetry breaking phase transition in the very
early universe. However very little is known on the phase transition it-
self and on the TD density that survives a possible inflationary phase,
and quantitative predictions are usually quite difficult to rely on.

• Super-massive metastable relic particles from some primordial quantum
field, produced after the now commonly accepted inflationary stage of
our Universe. Lifetime of those relics should be of the order of the
age of the universe and must be guaranteed by some almost conserved
protecting symmetry. It is worth noting that in some of those scenarios
the relic particles may also act as non-thermal Dark Matter.

In the first case the X-particles instantly decay and the flux of UHECR
is related to their production rate given by the density of TD and their
radiation, collapse or interaction rate, while in the second case the flux is
driven by the ratio of the density of the relics over their lifetime.

More about X-particles

Topological defects
There is a very wide variety of topological defect models. Many authors
have addressed this field. Among them we cite Vilenkin and Shellard [66]
and Vachaspati [67; 68] for a review on TD formation and interaction, and
Bhattacharjee [69], Bhattacharjee and Sigl [58] and Berezinky, Blasi and
Vilenkin [70] for a review on experimental signatures in the framework of the
UHECR.

According to the current picture on the evolution of the Universe, several
symmetry breaking phase transitions such as GUT =⇒ H ... =⇒ SU(3) ×
SU(2)×U(1) occurred during the cooling. For those “spontaneous” symmetry
breakings to occur, some scalar field (called the Higgs field) must acquire a
non vanishing expectation value in the new vacuum (ground) state. Quanta
associated to those fields have energies of the order of the symmetry breaking
scale, e.g. 1015 − 1016 GeV for the Grand Unification scale. Such values are
indeed perfectly in the range of interest for the above mentioned X-particles.

During the phase transition process, non causal regions may evolve to-
wards different states in such a way that at the different domain borders, the
Higgs field keeps a null expectation value. Energy is then trapped in a TD
whose properties depend on the topology of the manifold where the Higgs
potential reaches its minimum (the vacuum manifold topology).
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Possible TDs are classified according to their dimensions: magnetic mo-
nopoles (0-dimensional, point-like); cosmic strings (1-dimensional); a sub-
variety of the previous which carries current and is supra-conducting; do-
main walls (2-dimensional); textures (3-dimensional). Among those, only
monopoles and cosmic strings are of interest as possible UHECR sources:
textures do not trap energy while domain walls, if they existed, would over-
close the Universe [71].

Supermassive relics
Supermassive relic particles may be another possible source of UHECR.[72]
Their mass should be larger than 1012 GeV and their lifetime of the order
of the age of the Universe since these relics must decay now (close by) in
order to explain the UHECR flux. Unlike strings and monopoles, but like
monopolonia, relics aggregate under the effect of gravity like ordinary matter
and act as a (non thermal) cold dark matter component. The distribution
of such relics should consequently be biased towards galaxies and galaxy
clusters. A high statistics study of the UHECR arrival distributions will be
a very powerful tool to distinguish between aggregating and non-aggregating
Top-Down sources.

1.6 Distribution of the sources

A necessary ingredient in the search for the origin of the UHECR is to locate
their sources. This is done by reconstructing the incident cosmic ray’s di-
rection and checking if the data show images of point sources or correlations
with distributions of astrophysical objects in our vicinity. Since a likely pos-
sibility as for the nature of the UHECR is that they are protons, we will say
a some words about what we know of the galactic and extragalactic mag-
netic fields: this will show that for supra-GZK energies, proton astronomy is
possible to some extent.

1.6.1 Magnetic fields

There are a limited number of methods to study the magnetic fields on galac-
tic or extragalactic scales [73]. One is the measure of the Zeeman splitting of
radio or maser lines in the interstellar gas. This method informs us mainly
on the galactic magnetic fields, as extragalactic signals suffer Doppler smear-
ing while the field values are at least three orders of magnitude below the
galactic ones. The magnetic field structure of the galactic disc is therefore
thought to be rather well understood. One of the parametrizations currently
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Figure 1.8: Effect of magnetic fields on the propagation of a proton as a function of
energy: angular deviation (left) and time delay (right), with respect to a straight line
trajectory, in the framework of three realistic scenarios [75].

used is that of Vallée [74]: concentric field lines with a few µG strength and
a field reversal at about one half of the disk radius. Outside the disk and in
the halo, the field model is based on theoretical prejudice and represented by
rapidly decreasing functions (e.g. gaussian outside the disk).

The study of extragalactic fields is mainly based on the Faraday rotation
measure (FRM) of the linearly polarized radio sources. The rotation angle
actually is a measurement of the integral of the function neB‖ where ne is
the electron/positron density and B‖ the longitudinal field component along
the line of sight. Therefore, the FRM needs to be complemented by another
measurement, namely that of ne. This is done by observing the relative time
delay versus frequency of waves emitted by a pulsar. Since the group velocity
of the signal depends simultaneously on its frequency but also on the plasma
frequency of the propagation medium, measurement of the dispersion of the
observed signals gives an upper limit on the average density of electrons
in the line of sight. Here again, because of the faintness of extragalactic
signals, our knowledge of the strength and coherence distances of large scale
extragalactic fields is quite weak and only upper limits over large distances
can be extracted. An educated guess gives an upper limit of 1 nG for the
field strength and coherence lengths of the order of 1 Mpc [73].

A few other more or less indirect methods exist for the study of large
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scale magnetic fields. If the UHECR are protons and if they come from
point-like sources, the shape of the source image as a function of the cosmic
ray energy will certainly be one of the most powerful of them. The Larmor
radius R of a charged particle of charge Ze in kiloparsecs is given by:

Rkpc ≈
1

Z

(

E

1 EeV

)(

B

1 µG

)−1

The Larmor radius of a charged particle at 320 EeV is larger than the size
of the galaxy if its charge is less than 8. If we take the currently accepted
upper limit (10−9 G) for the extragalactic magnetic fields, a proton of the
same energy should have a Larmor radius of 300 Mpc or more.

In Figure 1.8, three different situations are envisaged to evaluate the
effects of magnetic fields on a high energy cosmic proton. The situations
correspond to what is expected a-) for a trajectory through our galactic disk
(0.5 kpc distance inside a 2 µG field) or b-) over a short distance (1 Mpc)
through the extragalactic (1 nG) field (same curve), and finally c-) a 30 Mpc
trajectory through extragalactic fields with a 1 Mpc coherence length (mul-
tiple scattering effect). One can see that at 100 EeV, the deviation in the
third case would be about 2◦. This gives an idea of the image size if the
source is situated inside our local cluster or super-cluster of galaxies. Since
the angular resolution of the (present and future) cosmic ray detectors can be
comparable to or much better than this value, we expect to be able to locate
the point-like sources (if they exist) or establish correlations with large-scale
structures.

However, let us remember that this working hypothesis of very weak
extragalactic magnetic fields is not universally accepted. Several authors
advocated our bad knowledge of those fields showing that the arguments like
the puzzling absence of correlations between the direction of the UHECR
and either point sources or large structures drop out if one envisages stronger
magnetic fields (typically at the µG level) either locally [76] or distributed
over larger, cosmological, scales [77].

Finally, worth mentioning is the possibility to study EGMF with simu-
lation of large structures formation. Some progresses have been obtained in
this field, though the results have still to be significantly improved due to
the technical difficulties involved and the large amount of computational re-
sources required. The main results have been obtained in refs. [78] and [79].
Qualitatively the simulations agree in finding that EGMFs are mainly local-
ized in galaxy clusters and filaments, while voids should contain only primor-
dial fields. However, the conclusions of Refs. [78] and [79] are quantitatively
rather different and further work is still required to make more reliable the
results.
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1.6.2 Large Scale Anisotropies

In the search for potential sources, the propagation arguments incite us to
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Figure 1.9: Arrival directions of cosmic rays with energies above 10 EeV (equatorial
coordinates), as measured by the AGASA experiment [80]. The thick dotted lines show
the galactic and supergalactic planes (GC indicating the galactic center). The shaded
regions are those invisible to the AGASA detector.

look for correlations with the distribution of astrophysical matter within a
few tens of Mpc. In our neighborhood, there are two structures showing an
accumulation of objects, both only partially visible from any hemisphere: the
galactic disk on a small scale and the supergalactic plane on a large scale,
a structure roughly normal to the galactic plane, extending to distances up
to z ≈ 0.02 (about 100 Mpc) and correlated with a denser distribution of
radio galaxies. In equatorial coordinates with the hypothesis of an isotropic
distribution of the sources, and over large periods of data taking, the right
ascension distribution of events must be uniform and the declination distri-
bution can be parameterized with the known zenith angle dependence of the
detector aperture.

An analysis on the correlation between arrival directions and possible
source locations was done by the AGASA experiment for the highest energy
range [80]. The analysis is based on 581 events above 10 EeV, a subset of
47 events above 40 EeV and 7 above 100 EeV. Figure 1.9 is a compilation
of the total sample in equatorial coordinates. The dots, circles and squares
are respectively events with energies above 10, 40 and 100 EeV. The data
show no deviation from the expected uniform right ascension distribution.
An excess of 2.5 σ is found at a declination of 35◦ and can be interpreted as
a result of observed clusters of events (see below). No convincing deviation
from isotropy is found when the analysis is performed in galactic coordinates.



1.6 Distribution of the sources 31

The same collaboration [81] made also a similar analysis for the lower
energy region (events down to 1 EeV and detected with zenith angles up
to 60◦). In this article, a slight effect of excess events in the direction of
the galactic center was announced. A similar study [82] with the Fly’s Eye
data, concludes on a small correlation with the galactic plane for events with
energies lower than 3.2 EeV and isotropy for higher energies.

In summary, both the AGASA and Fly’s Eye experiments seem to con-
verge on some anisotropy in the EeV range (correlation with the galactic
plane and center) and isotropy above a few tens of EeV. With the present
data it is difficult to come to any clear conclusion on the anisotropy issues,
especially at the highest energies. All we can do is acknowledge the prob-
lems and make a list of technical requirements to solve them. First of all, and
whatever the analysis methods used, statistics is the sinews of war. One needs
at least an order of magnitude in the rate with which we are detecting the
relevant events in the highest energy range, hence in the collecting detectors’
aperture. This is the principal aim of the next generation of experiments.
Second, the powerful harmonic analysis needs full sky coverage and, as much
as possible, uniform exposure. This means data from both hemispheres. All
the data used in the above analyses come from the northern hemisphere.
Possible correlations with the galactic plane or the galactic center will only
be confirmed, or invalidated, if a detector systematically explores the south-
ern sky. Also, due to day-night effects, a fluorescence detector does not have
a uniform right-ascension coverage. One should also take into account the
angular acceptance. The scintillator technique (used in the AGASA detec-
tor) has an intrinsic limitation for large angles. The use of Cerenkov tanks
(as in the Haverah Park experiment) circumvents this limitation: it can even
detect horizontal showers with equal efficiency, although the bending of the
charged particles of the shower makes the analysis more difficult for large
angles. All these constraints have been carefully considered in the design of
the next generation experiments.

We will try in the next two chapters to make clearer the expectations for
Large Scale anisotropies together with a forecast of the statistics required
to safely detect them; also, we will examine not only the AGASA and Fly’s
Eye data, but all the actual available data at high energies (roughly ∼100)
in search of some hint of correlation with LSS.

1.6.3 Small Scale Anisotropies

If the sources of UHECR are nearby astrophysical objects and if, as expected,
they are in small numbers, a selection of the events with the largest magnetic
rigidity would combine into multiplets or clusters which would indicate the
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direction to look for an optical or radio counterpart. Such an analysis was
done systematically by the AGASA group [80]. Figure 1.10 shows the sub-
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Fig. 2.|Figure 1.10: Arrival directions of cosmic rays with energies above 40 EeV (galactic
coordinates), as measured by the AGASA experiment [80].

sample of events in the AGASA catalog with energies in excess of 100 EeV
(squares) and in the range 40-100 EeV (circles). A multiplet is defined as a
group of events whose error boxes (2.5◦ circles) overlap. One can see that
there are three doublets and one triplet. If one adds the Haverah Park events,
the most southern doublet also becomes a triplet. The chance probability
of having as many multiplets as observed with a uniform distribution are
estimated by the authors to less than 1%. However, it should be noted that
the chance probability is very difficult to evaluate in an a posteriori analysis
and depends strongly on the assumed experimental error box size.

A search for nearby astrophysical objects within an angle of 4◦ from any
event in a multiplet was also done, and produced a few objects. One of the
most interesting candidates is Mrk 40, a galaxy collision, since the shock
waves generated in such phenomena are considered by some authors [83] as
being valid accelerating sites.

Another way of using the observed multiplets, assuming that they come
from an extragalactic point source, is to consider the galactic disk as a mag-
netic spectrometer which can give information on the charge of the incident
cosmic rays. A detailed analysis, using different galactic magnetic field mod-
els has been performed in ref. [84].



Chapter 2

The large-scale structure of

the Universe

G
iven the relevant role that LSS play in the subsequent chapters, a brief
review is provided in the present chapter partly based on the papers [85;

86; 87; 88; 89] on which we address the reader for further details. Some of the
recent and past observational results are discussed together with the last results
from computational intensive N-body simulations. The conventional paradigm of
Structure Formation is discussed in which weak ripples in the primordial plasma
have been amplified by gravitational forces, resulting finally in the present dark
matter haloes and galaxies.

2.1 Introduction

The past two and a half decades have seen enormous advances in the study
of cosmic structure, both in our knowledge of how it is manifest in the large-
scale matter distribution, and in our understanding of its origin. A new
generation of galaxy surveys – the 2-degree Field Galaxy Redshift Survey, or
2dFGRS[90], and the Sloan Digital Sky Survey, or SDSS2[91] – have quan-
tified the distribution of galaxies in the local Universe with a level of detail
and on length scales that were unthinkable just a few years ago. Surveys of
quasar absorption and of gravitational lensing have produced qualitatively
new data on the distributions of diffuse intergalactic gas and of dark matter.
At the same time, observations of the cosmic microwave background radia-
tion, by showing us the Universe when it was only about 400,000 years old,
have vindicated bold theoretical ideas put forward in the 1980s regarding the
contents of the Universe and the mechanism that initially generated structure
shortly after the Big Bang. The critical link between the early, near-uniform
Universe and the rich structure seen at more recent times has been provided
by direct numerical simulation. This has made use of the unremitting in-
crease in the power of modern computers to create ever more realistic virtual

33
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universes: simulations of the growth of cosmic structure that show how as-
trophysical processes have produced galaxies and larger structures from the
primordial soup. Together, these advances have led to the emergence of a
“standard model of cosmology” which, although seemingly implausible, has
nevertheless been singularly successful.

Figure 2.1 strikingly illustrates how well this standard model can fit
nearby structure. The observational wedge plots at the top and at the left
show subregions of the SDSS and 2dFGRS, illustrating the large volume they
cover in comparison to the ground-breaking Center for Astrophysics (CfA)
galaxy redshift survey[92] carried out during the 1980s (the central small
wedge). These slices through the local three-dimensional galaxy distribu-
tion reveal a tremendous richness of structure. Galaxies, groups and clusters
are linked together in a pattern of sheets and filaments that is commonly
known as the “cosmic web”[93]. A handful of particularly prominent aggre-
gations clearly stand out in these images, the largest containing of the order
of 10,000 galaxies and extending for several hundred million light years. The
corresponding wedge plots at the right and at the bottom show similarly
constructed surveys of a virtual universe, the result of a simulation of the
growth of structure and of the formation of galaxies in the current standard
model of cosmology. The examples shown were chosen among a set of ran-
dom “mock surveys” to have large structures in similar positions to the real
surveys. The similarity of structure between simulation and observation is
striking, and is supported by a quantitative comparison of clustering[94].

In Fig. 2.2 is instead illustrated the very local universe (z<0.06) through
the photometric observations of the 2Mass Survey [141]. The filamentary
structure is visible even more clearly near us while, at the same time, the
contrast with the large voids is striking.

The early 1980s produced two audacious ideas that transformed a specu-
lative and notoriously uncertain subject into one of the most rapidly devel-
oping branches of physics. The first was the proposal that the ubiquitous
dark matter that dominates large-scale gravitational forces consists of a new
(and still unidentified) weakly interacting elementary particle. Because these
particles are required to have small random velocities at early times, they
were dubbed “cold dark matter” or CDM. (Hot dark matter is also possible,
for example a neutrino with a mass of a few tens of electron volts. Early
cosmological simulations showed, however, that the galaxy distribution in a
universe dominated by such particles would not resemble that observed[95].)
The second idea is “cosmic inflation”[96], the proposal that the Universe grew
exponentially for many doubling times perhaps ∼ 1035 seconds after the Big
Bang, driven by the vacuum energy density of an effective scalar field that
rolls slowly from a false to the true vacuum. Quantum fluctuations in this
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Figure 2.1: The galaxy distribution obtained from spectroscopic redshift sur-
veys and from mock catalogues constructed from cosmological simulations. The
small slice at the top shows the CfA2 “Great Wall”[92], with the Coma cluster at the cen-
tre. Drawn to the same scale is a small section of the SDSS, in which an even larger “Sloan
Great Wall” has been identified[87]. This is one of the largest observed structures in the
Universe, containing over 10,000 galaxies and stretching over more than 1.37 billion light
years. The wedge on the left shows one-half of the 2dFGRS, which determined distances
to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years.
The SDSS has a similar depth but a larger solid angle and currently includes over 650,000
observed redshifts in the northern sky. At the bottom and on the right, mock galaxy sur-
veys constructed using semi-analytic techniques to simulate the formation and evolution
of galaxies within the evolving dark matter distribution of the “Millennium” simulation[94]
are shown, selected with matching survey geometries and magnitude limits.
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Figure 2.2: The Large Scale Structure of the nearby universe (z<0.06) mapped by the
2Mass survey [141]. The galaxies of the sample are divided into seven layers of redshift
(binned in ∆z=0.01) showing the well known local structures. In the first slide dominant
is the Virgo Cluster; the second slide shows the Perseus cluster and the Great Attractor;
the third the Coma and Ophiuchus clusters; the fourth the Hercules and the Columba
clusters; the fifth the Shapley Concentration; the sixth the Sculptur Super-Cluster and
the last the Horologium, the Corona Borealis and the Pisces-Cetus Super-Clusters. The
galaxies’ redshifts are calculated through a photometric technique as described in [142].

“inflaton” field are blown up to macroscopic scales and converted into genuine
ripples in the cosmic energy density. These weak seed fluctuations grow un-
der the influence of gravity and eventually produce galaxies and the cosmic
web. Simple models of inflation predict the statistical properties of these
primordial density fluctuations: their Fourier components should have ran-
dom and independent phases and a near-scale-invariant power spectrum[97].
Inflation also predicts that the present Universe should have a flat geometry.
With concrete proposals for the nature of the dark matter and for the initial
fluctuation distribution, the growth of cosmic structure became, for the first
time, a well-posed problem that could be tackled with the standard tools of
physics.

The backbone of the cosmic web is the clumpy yet filamentary distribution
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of dark matter. The presence of dark matter was first inferred from the
dynamics of galaxy clusters by Zwicky[98]. But it took over half a century
for dark matter to become an integral part of our view of galaxies and of
the Universe as a whole, and for its average density to be estimated reliably.
Today, the evidence for the pervasive presence of dark matter is overwhelming
and includes galactic rotation curves, the structure of galaxy groups and
clusters, large-scale cosmic flows and, perhaps most directly, gravitational
lensing, a phenomenon first proposed as an astronomical tool by Zwicky
himself[99]. The distorted images of background galaxies as their light travels
near mass concentrations reveal the presence of dark matter in the outer
haloes of galaxies[100; 101], in galaxy clusters[102] and in the general mass
field[103].

When expressed in units of the critical density required for a flat cos-
mic geometry, the mean density of dark matter is usually denoted by Ωdm.
Although a variety of dynamical tests have been used to constrain Ωdm, in
general such tests give ambiguous results because velocities are induced by
the unseen dark matter and the relation of its distribution to that of the
visible tracers of structure is uncertain. The notion of a substantial bias in
the galaxy distribution relative to that of dark matter was introduced in the
1980s to account for the fact that different samples of galaxies or clusters are
not directly tracing the underlying matter distribution. Defined simply as
the ratio of the clustering strengths, the “bias function” was also invoked to
reconcile low dynamical estimates for the mass-to-light ratio of clusters with
the high global value required in the theoretically preferred flat, Ωdm = 1
universe. But because massive clusters must contain approximately the uni-
versal mix of dark matter and baryons (ordinary matter), bias uncertainties
are neatly bypassed by comparing the measured baryon fraction in clusters
with the universal fraction under the assumption that the mean baryon den-
sity, Ωb, is the value inferred from Big Bang nucleosynthesis[104]. Applied to
the Coma cluster, this simple argument gave Ωdm ≤ 0.3 where the inequality
arises because some or all of the dark matter could be baryonic[104]. This
was the first determination of Ωdm < 1 that could not be explained away by
invoking bias.

The mean baryon density implied by matching Big Bang nucleosynthesis
to the observed abundances of the light elements is only Ωbh

2 ≃ 0.02, where
h denotes the Hubble constant in units of 100 km s−1Mpc−1. Dynamical
estimates, although subject to bias uncertainties, have long suggested that
Ωm = Ωdm + Ωb ≃ 0.3, implying that the dark matter cannot be baryonic.
Plausibly it is made up of the hypothetical elementary particles postulated
in the 1980s, for example axions or the lowest mass supersymmetric partner
of the known particles. Such low estimates of the mean matter density Ωm
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Figure 2.3: The map of CMB anisotropies as determined by the WMAP mission [105].

are incompatible with the flat geometry predicted by inflation unless the
Universe contains an additional unclustered and dominant contribution to
its energy density, for example a cosmological constant Λ such that Ωm +
ΩΛ ≃ 1. Two large-scale structure surveys carried out in the late 1980s,
the APM (automated photographic measuring) photographic survey[106] and
the QDOT redshift survey of infrared galaxies[107], showed that the power
spectrum of the galaxy distribution, if it traces that of the mass on large
scales, can be fitted by a simple CDM model only if the matter density is
low, Ωm ≃ 0.3. This independent confirmation of the dynamical arguments
led many to adopt the now standard model of cosmology, ΛCDM.

It was therefore with a mixture of amazement and déjà vu that cosmol-
ogists greeted the discovery in 1998 of an accelerated cosmic expansion[108;
109]. Two independent teams used distant type Ia supernovae to perform a
classical observational test. These “standard candles” can be observed out to
redshifts beyond 1. Those at z ≥ 0.5 are fainter than expected, apparently
indicating that the cosmic expansion is currently speeding up. Within the
standard Friedmann cosmology, there is only one agent that can produce an
accelerating expansion: the cosmological constant first introduced by Ein-
stein, or its possibly time- or space-dependent generalization, “dark energy”.
The supernova evidence is consistent with ΩΛ ≃ 0.7, just the value required
for the flat universe predicted by inflation.

The other key prediction of inflation, a density fluctuation field consis-
tent with amplified quantum noise, received empirical support from the dis-
covery by the COsmic Background Explorer (COBE) satellite in 1992 of
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small fluctuations in the temperature of the cosmic microwave background
(CMB) radiation[110]. These reflect primordial density fluctuations, modi-
fied by damping processes in the early Universe which depend on the mat-
ter and radiation content of the Universe. More recent measurements of the
CMB[111; 112] culminating with those by the WMAP (Wilkinson Microwave
Anisotropy Probe) satellite[105] have provided a striking confirmation of the
inflationary CDM model: the measured temperature fluctuation spectrum
is nearly scale-invariant on large scales and has a series of “acoustic” peaks
that reflect the coherent oscillations experienced by the photon-baryon fluid
before the moment when the primordial plasma recombined and the radi-
ation escaped. The fluctuation spectrum depends on the parameters that
define the geometry and content of the Universe and the initial fluctuation
distribution, so their values are constrained by the data. In practice, there
are degeneracies among the parameters, and the strongest constraints come
from combining the CMB data with other large-scale structure datasets.
Present estimates[105; 113; 114] give a flat universe with Ωdm = 0.20±0.020,
Ωb = 0.042 ± 0.002, ΩΛ = 0.76 ± 0.020, h = 0.74 ± 0.02. The consistency
of these values with other independent determinations and the close agree-
ment of the CMB data with theoretical predictions formulated over 20 years
earlier[115] belong amongst the most remarkable successes of modern cos-
mology.

2.2 The growth of large-scale structure

The microwave background radiation provides a clear picture of the young
Universe, where weak ripples on an otherwise uniform sea display a pattern
that convincingly supports our standard model for the cosmic mass/energy
budget and for the process that initially imprinted cosmic structure. At
that time there were no planets, no stars, no galaxies, none of the striking
large-scale structures seen in Fig. 2.1. The richness of the observed astro-
nomical world grew later in a complex and highly nonlinear process driven
primarily by gravity. This evolution can be followed in detail only by direct
numerical simulation. Early simulations were able to reproduce qualitatively
the structure observed both in large galaxy surveys and in the intergalactic
medium[116; 117]. They motivated the widespread adoption of the CDM
model well before it gained support from microwave background observa-
tions. Many physical processes affect galaxy formation, however, and many
aspects must be treated schematically within even the largest simulations.
The resulting uncertainties are best estimated by exploring a wide range
of plausible descriptions and checking results against observations of many
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different types.
In a ΛCDM universe, quasi-equilibrium dark matter clumps or “haloes”

grow by the collapse and hierarchical aggregation of ever more massive sys-
tems, a process described surprisingly well by the phenomenological model
of Press and Schechter and its extensions[118; 119]. Galaxies form at the
centres of these dark haloes by the cooling and condensation of gas which
fragments into stars once it becomes sufficiently dense. Groups and clusters
of galaxies form as haloes aggregate into larger systems. They are arranged
in the “cosmic web”, the larger-scale pattern of filaments and sheets which is
a nonlinear gravitational “sharpening” of the pattern already present in the
gaussian random field of initial fluctuations[93]. The first observable objects
were probably massive stars collapsing in small haloes and switching on at
redshifts of 50 and higher[120]. By a redshift of 15 these may have been suf-
ficiently numerous for their radiation to re-ionize all the gas in the Universe.
So far they have not been observed directly, but it is one of the main goals of
the next generation of low-frequency radio telescopes to observe their effects
directly in the strongly redshifted 21-cm transition of neutral hydrogen.

Detailed simulations from ΛCDM initial conditions have been used to
study the formation of the first luminous objects and the re-ionization of the
Universe, but these still await testing against observation[121]. In contrast,
predictions for the structure, the ionization state and the heavy element
content of intergalactic gas at redshifts below 6 can be checked in detail
against absorption features observed in the spectra of distant quasars. These
provide, in effect, a one-dimensional tomographic image of the intervening
large-scale structure.

At lower redshift direct and quantitative measures of large-scale structure
can be obtained from the weak, coherent distortions of the images of faint
galaxies induced by gravitational lensing as their light travels through the in-
tervening cosmic web[122]. The distortions depend only on the gravitational
field in intergalactic space and so lensing data test predictions for the mass
distribution in a way that is almost independent of the complex astrophysics
that determines the observable properties of galaxies. The lensing effect is
very weak, but can be measured statistically to high precision with large
enough galaxy samples.

The Lyman-α forest and gravitational lensing provide windows onto the
large-scale structure of the Universe that complement those obtained from
galaxy surveys by extending the accessible redshift range and, more impor-
tantly, by measuring the structure in the diffuse gas and in the total mass
distribution rather than in the distribution of galaxies. In principle, these
measures should have different (and perhaps weaker) sensitivity to the many
uncertain aspects of how galaxies form. Remarkably, all three measures are
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Figure 2.4: Time evolution of the cosmic large-scale structure in dark mat-
ter and galaxies, obtained from cosmological simulations of the ΛCDM model.
The panels on the left show the projected dark matter distribution in slices of thickness
15h−1Mpc, extracted at redshifts z = 8.55, z = 5.72, z = 1.39 and z = 0 from the Mil-
lennium N-body simulation of structure formation[94]. These epochs correspond to times
of 600 million, 1 billion, 4.7 billion and 13.6 billion years after the Big Bang, respectively.
The colour hue from blue to red encodes the local velocity dispersion in the dark matter,
and the brightness of each pixel is a logarithmic measure of the projected density. The
panels on the right show the predicted distribution of galaxies in the same region at the
corresponding times obtained by applying semi-analytic techniques to simulate galaxy for-
mation in the Millennium simulation[94]. Each galaxy is weighted by its stellar mass, and
the colour scale of the images is proportional to the logarithm of the projected total stellar
mass. The dark matter evolves from a smooth, nearly uniform distribution into a highly
clustered state, quite unlike the galaxies, which are strongly clustered from the start.

consistent both with each other and with the standard model at the level
that quantitative comparison is currently possible[124; 114; 123].

Galaxy surveys such as those illustrated in Fig. 2.1 contain an enormous
amount of information about large-scale structure. The strength of cluster-
ing is known to depend not only on galaxy luminosity, colour, morphology,
gas content, star-formation activity, type and strength of nuclear activity
and halo mass, but also on the spatial scale considered and on redshift. Such
dependencies reflect relations between the formation histories of galaxies and
their larger-scale environment. Some (for example, the dependence on halo or
galaxy mass) are best thought of as deriving from the statistics of the initial
conditions. Others (for example the dependence on nuclear or star-formation
activity) seem more naturally associated with late-time environmental influ-
ences. Early studies attempted to describe the relation between the galaxy
and mass distributions by a bias function. Recent data suggest that this
concept is of limited value. Except, perhaps, on the largest scales; bias es-
timates depend not only on scale, redshift and galaxy properties, but also
on the particular measure of clustering studied. Understanding the link be-
tween the mass and galaxy distributions requires realistic simulations of the
galaxy formation process throughout large and representative regions of the
Universe. Given the complexity of galaxy formation, such simulations must
be tuned “by hand” to match as many of the observed properties of galaxies
as possible. Only if clustering turns out to be insensitive to such tuning can
we consider the portrayal of large-scale structure to be robust and realistic.

In Fig. 2.4 we show the time evolution of the mass and galaxy distri-
butions in a small subregion of the largest simulation of this type yet[94].
The emergence of the cosmic web can be followed in stunning detail, pro-
ducing a tight network of filaments and walls surrounding a foam of voids.
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Figure 2.5: Two-point correlation function of galaxies and dark matter at
different epochs, in the Millennium simulation of structure formation[94]. The
panel on the left gives the I-band galaxy correlation function ξ (selected according to
MI − 5 log h < −20 in the rest-frame) at redshifts z = 8.55, z = 5.72, z = 1.39 and z = 0
(corresponding to the epochs depicted in Fig. 4). The panel on the right shows the dark
matter correlation functions at the same epochs. For comparison, the present-day dark
matter correlation function is also drawn as a dashed line in the left panel. At z = 8.55,
only data for r > 200h−1kpc are shown because the finite numerical resolution of the
simulation precludes an accurate representation of the mass distribution on smaller scales
than this at early times. The galaxy correlation function has a near power-law behavior
over several orders of magnitude and has almost equal strength at z = 8.55 and z = 0. By
contrast, the dark matter correlation function grows by a large factor over this time span,
and has a different shape from the galaxy correlation function.

This characteristic morphology was seen in the first generation of cold dark
matter simulations carried out over 20 years ago[116], but the match was
not perfect; the recipe adopted to relate the galaxy and mass distributions
was too crude to reproduce in detail the clustering of galaxies. It has taken
models like those of Fig. 2.4 to explain why the observed galaxy autocorre-
lation function is close to a power law whereas the simulated dark matter
autocorrelation function shows significant features[125; 94].

Simulated autocorrelation functions for dark matter and for galaxies are
shown in Fig. 2.5 for the same times imaged in Fig. 2.4. The shape difference
between the two is very evident, and it is remarkable that at z = 0 the
power-law behavior of the galaxy correlations extends all the way down to
10 kpc, the observed size of galaxies.

A striking feature of Fig. 2.4 is the fact that while the growth of large-
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scale structure is very clear in the mass distribution, the galaxy distributions
appear strongly clustered at all times. This difference shows up dramatically
in the autocorrelation functions plotted in Fig. 2.5 and has been a prediction
of CDM theories since the first simulations including crude bias recipes[116].
A decade later when direct measurements of galaxy clustering at redshifts
as high as z ∼ 3 − 4 found “surprisingly” large amplitudes, comparable to
those found in the present-day Universe[126], the results turned out to be in
good agreement with estimates based on more detailed modelling of galaxy
formation in a CDM universe[127]. In effect, the galaxies already outline the
pattern of the cosmic web at early times, and this pattern changes relatively
little with the growth of structure in the underlying dark matter distribution.

2.3 Outlook

Very few of the important questions in cosmology and large-scale structure
can be regarded as closed. The recent history of the subject provides a
vivid reminder of how new theoretical insights and/or new observational
datasets can quickly overturn conventional wisdom in rapidly advancing fields
of science. At the present time, the two outstanding questions are the identity
of the dark matter and the nature of the dark energy.

There is every reason to be optimistic about the prospects of detect-
ing cold dark matter particles from the halo of our Galaxy, either directly
in laboratory searches or indirectly through particle annihilation radiation.
Additionally, if cold dark matter is indeed a supersymmetric particle, ev-
idence for its existence may be forthcoming from experiments at CERN’s
large-hadron collider[128].

Unravelling the nature of the dark energy is a much more daunting task. A
strategy that has gained momentum in recent years is to set tighter empirical
constraints on the amount of dark energy and on its possible time evolution.
Large projects such as the Joint Dark Energy Mission, currently at an early
design phase, are being planned to measure the equation of state parameter,
w = P/(ρc2), of the dark energy, where P is the “dark pressure” of the
vacuum, and its time evolution, w′ = dw/dz. The hope is that such empirical
constraints will clarify the nature of the dark energy and perhaps point to
a field-theoretical explanation. The range of possibilities is large. We might
find that the dark energy interacts with the dark matter, or that the dark
energy is not a field at all but rather a manifestation of some nonlinear effect
within general relativity or one of its extensions.

Progress towards constraining dark energy is likely to come both from
refinements of classical cosmological probes and from entirely new ways to
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study large-scale structure. Examples in the first category include measuring
the abundance of galaxy clusters as a function of cosmic time. This probes
the growth of the mass fluctuation spectrum and the variation of the cosmo-
logical volume element[129]. Extending such measurements to redshifts z∼>1
may set useful constraints on the dark energy equation of state, provided sys-
tematic effects can be kept under control. Also promising are observations
of high-redshift type Ia supernovae for much larger samples than have been
accumulated so far. Again, it will be crucial to control systematic effects.
The PLANCK satellite mission and subsequent polarization-optimized exper-
iments will make definitive measurements of the CMB and perhaps unlock
some of its last secrets.

Examples of new tests of the large-scale structure include weak lensing
tomography and the study of baryon oscillations in the matter distribution
at late times. The physical mechanism that generated acoustic peaks in the
CMB temperature power spectrum also imprinted an oscillatory feature in
the linear power spectrum of the dark matter[130]. The Virgo consortium’s
Millennium simulation, illustrated in Fig. 2.1 and Fig. 2.4, demonstrated
that the oscillations survive the destructive influence of nonlinear gravita-
tional evolution even to the present day, albeit in distorted form[94]. Most
importantly, this simulation also demonstrated that these “baryon wiggles”
should be visible in suitably selected galaxy samples. Early indications sug-
gest that the baryon oscillations in the galaxy distribution have, in fact,
been detected in the 2dFGRS and SDSS[131], although at comparatively low
statistical significance.

In the more distant future, there are hopes that one day we will be able to
probe the inflationary epoch directly by detecting the predicted background
of gravitational waves[132; 133]. In the meantime, astrophysical studies of
large-scale structure will continue to grow and to diversify, focusing on new
issues such as the nature and evolution of nonlinear structure during the first
billion years where we currently have no direct observations. Today, through
the joint mysteries of dark matter and dark energy, cosmology arguably poses
some of the most fundamental and exciting challenges of contemporary sci-
ence.
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Chapter 3

The footprint of large scale

cosmic structure on the

ultra-high energy cosmic ray

distribution

C
urrent experiments collecting high statistics in ultra-high energy cosmic rays
(UHECRs) are opening a new window on the universe. In this chapter

we discuss a large scale structure model for the UHECR origin which evaluates
the expected anisotropy in the UHECR arrival distribution starting from a given
astronomical catalogue of the local universe. The model takes into account the main
selection effects in the catalogue and the UHECR propagation effects. By applying
this method to the IRAS PSCz catalogue, we derive the minimum statistics needed
to significatively reject the hypothesis that UHECRs trace the baryonic distribution
in the universe, in particular providing a forecast for the Auger experiment.

3.1 Introduction

For the study of UHECRs anisotropies in this chapter, we shall work under
the (conservative) assumptions that UHE astronomy is possible, namely: i)
proton primaries, for which eR = E; ii) EGMF negligibly small; iii) extra-
galactic astrophysical sources are responsible for UHECR acceleration.

Beside the observation of small-scale clustering by AGASA [80] (how-
ever, not confirmed by other experiments with comparable or larger statis-
tics [134; 135]), we will focus on looking for large scale anisotropies in the
data, eventually correlating with some known configuration of astrophysical
source candidates. In this context, the most natural scenario to be tested
is that UHECRs correlate with the luminous matter in the “local" universe.
This is particularly expected for candidates like gamma ray bursts (hosted
more likely in star formation regions) or colliding galaxies, but it is also a
sufficiently generic hypothesis to deserve an interest of its own.

47
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Aims of this chapter are: i) to describe a method to evaluate the expected
anisotropy in the UHECR sky starting from a given catalogue of the local
universe, taking into account the selection function, the blind regions as
well as the energy-loss effects; ii) to assess the minimum statistics needed to
significatively reject the null hypothesis, in particular providing a forecast
for the Auger experiment. Previous attempts to address a similar issue can
be found in [136; 137; 138; 139]. Later in the chapter we will come back to
a comparison with their approaches and results.

The catalogue we use is IRAS PSCz [140]. This has several limitations,
mainly due to its intrinsic incompleteness, but it is good enough to illus-
trate the main features of the issue, while still providing some meaningful
information.

The chapter is structured as follows: the catalogue and the related issues
are discussed in Section 3.2. In Section 3.3 we describe the technique used
for our analysis. The results are discussed in Section 3.4, where we compare
our findings with those obtained in previous works. In Section 3.5 we give
a brief overview on ongoing research and experimental activities, and draw
our conclusions.

3.2 Astronomical Data

3.2.1 The Catalogue

Two properties are required to make a galaxy catalogue suitable for the type
of analysis discussed here. First, a great sky coverage is critical for comparing
the predictions with the fraction of sky observed by the UHECR experiments
(the Auger experiment is observing all the Southern hemisphere and part of
the Northern one). Second, the energy-loss effect in UHECR propagation
requires a knowledge of the redshifts for at least a fair subsample of the
galaxies in the catalogue. Selection effects both in fluxes and in redshifts
play a crucial role in understanding the final outcome of the simulations.

Unfortunately, in practical terms this two requirements turn out to be
almost complementary and no available catalogue matches both needs simul-
taneously. A fair compromise is offered by the IRAS PSCz catalogue [140]
which contains about 15 000 galaxies and related redshifts with a well under-
stood completeness function down to z ∼ 0.1 —i.e. down to a redshift which
is comparable to the attenuation length introduced by the GZK effect— and
a sky coverage of about 84%. The incomplete sky coverage is mainly due to
the so called zone of avoidance centered on the Galactic Plane and caused by
the galactic extinction and to a few, narrow stripes which were not observed
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Figure 3.1: PSCz catalogue source distribution and related mask in galactic coordinates.

with enough sensitivity by the IRAS satellite (see Fig. 3.1). These regions
are excluded from our analysis with the use of the binary mask available with
the PSCz catalogue itself.

3.2.2 The Selection Function

No available galaxy catalogue is complete in volume and therefore complete-
ness estimates derived from the selection effects in flux are needed. More in
detail, the relevant quantity to be derived is the fraction of galaxies actually
observed at the various redshifts, a quantity also known as the redshift se-
lection function φ(z) [145]. A convenient way to express φ(z) is in terms of
the galaxy luminosity function (i.e. the distribution of galaxy luminosities)
Φ(L) as

φ(z) =

∫∞

Lmin(z)
d L Φ(L)

∫∞

0
d L Φ(L)

. (3.1)

Here Lmin(z) is the minimum luminosity detected by the survey in function of
redshift. By definition, for a flux-limited survey of limiting flux flim, Lmin(z)
is given in terms of the luminosity distance dL(z) as

Lmin(z) = 4πd2
L(z)flim. (3.2)

The luminosity distance depends on the cosmology assumed, though for small
redshifts (z <

∼ 0.1) it can be approximated by dL(z) ≃ z/H0.
Generally φ(z) is inferred from the catalogue data itself in a self-consistent

way, using the observational galaxy luminosity distribution to estimate Φ(L) [140;
146; 147]. The quantity n(z)/φ(z) represents the experimental distribution
corrected for the selection effects, which must be used in the computations.
A detailed discussion of this issue can be found in Ref. [148]. Furthermore, we
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Figure 3.2: Experimental redshift distribution of the PSCz catalogue galaxies and
prediction for an homogeneous universe from the selection function φ(z) (from [140]);
both are normalized in order to represent the number of sources per unit of redshift per
steradian.

wish to stress that up to z ∼ 0.1 evolution effects are negligible and the local
universe galaxy luminosity function can be safely used. In the case of deeper
surveys like SDSS, cosmological effects cannot be neglected and our approach
can still be employed even though a series of corrections, like evolutionary ef-
fects or scale-dependent luminosity, must be taken into account [149]. These
corrections are needed since luminous galaxies, which dominate the sample
at large scales, cluster more than faint ones [150]. In the case of the PSCz
catalogue the selection function is given as [140]

φ(r) = φ∗

(

r

r∗

)1−α[

1 +

(

r

r∗

)γ]−(β
γ )

, (3.3)

with the parameters φ∗ = 0.0077, α = 1.82, r∗ = 86.4, γ = 1.56, β = 4.43 that
respectively describe the normalization, the nearby slope, the break distance
in h−1Mpc, its sharpness and the additional slope beyond the break (see also
Fig. 3.2).

It is clear, however, that even taking into account the selection function
we cannot use the catalogue up to the highest redshifts (z ≃ 0.3), due to the
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rapid loss of statistics. At high z, in fact, the intrinsic statistical fluctuation
due to the selection effect starts to dominate over the true matter fluctu-
ations, producing artificial clusterings not corresponding to real structures
(“shot noise" effect). This problem is generally treated constructing from
the point sources catalogue a smoothed density field ρ(Ω̂, z) with a variable
smoothing length that effectively increases with redshift, remaining always
of size comparable to the mean distance on the sphere of the sources of the
catalogue. We minimize this effect by being conservative in setting the max-
imum redshift at z = 0.06 (corresponding to 180 h−1Mpc) where we have
still good statistics while keeping the shot noise effect under control. With
this threshold we are left with ∼ 11, 500 sources of the catalogue. Further-
more, for the purposes of present analysis, the weight of the sources rapidly
decreases with redshift due to the energy losses induced by the GZK effect.
In the energy range E ≥ 5×1019 eV, the contribution from sources beyond
z ≃ 0.06 is sub-dominant, thus allowing to assume for the objects beyond
z = 0.06 an effective isotropic source contribution.

3.3 The Formalism

In the following we describe in some detail the steps involved in our formal-
ism. In Sec. 3.3.1 we summarize our treatment for energy losses, in Sec. 3.3.2
the way the “effective" UHECR map is constructed, and in Sec. 3.3.3 the
statistical analysis we perform.

3.3.1 UHECRs Propagation

The first goal of our analysis is to obtain the underlying probability distri-
bution fLSS(Ω̂, E) to have a UHECR with energy higher than E from the
direction Ω̂. For simplicity here and throughout the chapter we shall assume
that each source of our catalogue has the same probability to emit a UHECR,
according to some spectrum at the source g(Ei). In principle, one would ex-
pect some correlation of this probability with one or more properties of the
source, like its star formation rate, radio-emission, size, etc. The authors of
Ref. [139] tested for a correlation LUHECR ∝ Lκ

FIR, LUHECR being the lumi-
nosity in UHECRs and LFIR the one in far-infrared region probed in IRAS
catalogue. The results of their analysis do not change appreciably as long as
0 <

∼ κ <
∼ 1. We can then expect that our limit of κ = 0 might well work for

a broader range in parameter space, but this is not of much concern here,
since we do not stick to specific models for UHECR sources. The method we
discuss can be however easily generalized to such a case, and eventually also
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to a multi-parametric modelling of the correlation.
In an ideal world where a volume-complete catalogue were available and

no energy losses for UHECRs were present, each source should then be simply
weighted by the geometrical flux suppression ∝ d−2

L . The selection function
already implies the change of the weight into φ−1d−2

L . Moreover, while prop-
agating to us, high-energy protons lose energy as a result of the cosmological
redshift and of the production of e± pairs and pions (the dominant process)
caused by interactions with CMB. For simplicity, we shall work in the con-
tinuous loss approximation [151]. Then, a proton of energy Ei at the source
at z = zi will be degraded at the Earth (z = 0) to an energy Ef given by the
energy-loss equation∗

1

E

dE

dz
= − dt

dz
×(βrsh + βπ + βe±). (3.4)

Eq.(3.4) has to be integrated from zi, where the initial Cauchy condition
E(z = zi) = Ei is imposed, to z = 0. The different terms in Eq. (3.4) are
explicitly shown below

− dt

dz
= [(1 + z)H0

√

(1 + z)3ΩM + ΩΛ]−1, (3.5)

βrsh(z) = H0

√

(1 + z)3ΩM + ΩΛ, (3.6)

βπ(z, E) ≃ Cπ(1 + z)3, E ≥ Ematch (3.7)

Aπ(1 + z)3e−
Bπ

E(1+z) , E ≤ Ematch (3.8)

βe±(z, E) ≃ α3Z2

4π2

m2
em

2
p

E3

∫ ∞

2

dξ
ϕ(ξ)

exp[ mempξ

2ET0(1+z)
] − 1

, (3.9)

where we assume for the Hubble constant H0 = 71+4
−3 km/s/Mpc, and ΩM ≃

0.27 and ΩΛ ≃ 0.73 are the matter and cosmological constant densities in
terms of the critical one [152]. In the previous formulae, me and mp are re-
spectively the electron and proton masses, T0 is the CMB temperature, and
α the fine-structure constant. Since we are probing the relatively near uni-
verse, the results will not depend much from the cosmological model adopted,
but mainly on the value assumed for H0. More quantitatively, the r.h.s of
Eq. (3.4) changes linearly with H−1

0 (apart for the negligible term βrsh), while
even an extreme change from the model (ΩM = 0.27; ΩΛ = 0.73) to (ΩM = 1;
ΩΛ = 0.0) (the latter ruled out by present data) would only modify the energy
loss term by 6% at z ≃ 0.06, the highest redshift we consider.

∗We are neglecting diffuse backgrounds other than CMB and assuming straight-line
trajectories, consistently with the hypothesis of weak EGMF.
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The values {Aπ, Bπ, Cπ} = {3.66×10−8yr−1, 2.87×1020 eV, 2.42×10−8yr−1}
as well as the parameterization for βπ as well as are taken from [153], and
Ematch(z) = 6.86 e−0.807 z×1020 eV is used to ensure continuity to βπ(z, E).
An useful parameterization of the auxiliary function ϕ(ξ) can be found in
[154], which we follow for the treatment of the pair production energy loss.
In practice, we have evolved cosmic rays over a logarithmic grid in Ei from
1019 to 1023 eV, and in z from 0.001 to 0.3. The values at a specific source
site has been obtained by a smooth interpolation.

Note that in our calculation i) the propagation is performed to attribute
an “energy-loss weight” to each z in order to derive a realistic probability
distribution fLSS(Ω̂, E); ii) we are going to “smooth" the results over regions
of several degrees in the sky (see below), thus performing a sort of weighted
average over redshifts as well. Since this smoothing effect is by far dominant
over the single source stochastic fluctuation induced by pion production, the
average effect accounted for by using a continuous energy-loss approach is a
suitable approximation.

In summary, the propagation effects provide us a “final energy function"
Ef (Ei, z) giving the energy at Earth for a particle injected with energy Ei at
a redshift z. Note that, being the energy-loss process obviously monotone,
the inverse function Ei(Ef , z) is also available.

3.3.2 Map Making

Given an arbitrary injection spectrum g(Ei), the observed events at the Earth
would distribute, apart for a normalization factor, according to the spectrum
g(Ei(Ef , z))dEi/dEf . In particular we will consider in the following a typi-
cal power-law g(Ei) ∝ E−s

i , but this assumption may be easily generalized.
Summing up on all the sources in the catalogue one obtains the expected
differential flux map on Earth

F (Ω̂, Ef ) ∝
∑

k

1

φ(zk)

δ(Ω̂ − Ω̂k)

4πd2
L(zk)

E−s
i (Ef , zk)

dEi

dEf

(Ef , zk), (3.10)

where the selection function and distance flux suppression factors have been
taken into account. However, given the low statistics of events available at
this high energies, a more useful quantity to employ is the integrated flux
above some energy threshold Ecut, that can be more easily compared with
the integrated UHECR flux above the cut Ecut. Integrating the previous
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expression we have

fLSS(Ω̂, Ecut) ∝
∑

k

1

φ(zk)

δ(Ω̂ − Ω̂k)

4πd2
L(zk)

∫ ∞

Ei(Ecut,zk)

E−sdE

=
∑

k

fLSS(k) δ(Ω̂ − Ω̂k), (3.11)

that can be effectively seen as if at every source k of the catalogue it is
assigned a weight fLSS(k) that takes into account geometrical effects (d−2

L ),
selection effects (φ−1), and physics of energy losses through the integral in
dE. In this “GZK integral" the upper limit of integration is taken to be
infinite, though the result is practically independent from the upper cut used
provided it is much larger than 1020 eV.

It is interesting to compare the similar result expected for an uniform
source distribution with constant density; in this case we have (in the limit
z ≪ 1)

fLSS(Ω̂, Ecut) ∝
∫

dz
[Ei(Ecut, z)]−s+1

s − 1
≡
∫

dz p(z, Ecut, s), (3.12)

where the integral in dE has been explicitly performed and the flux suppres-
sion weight is cancelled by the geometrical volume factor. The integrand
p(z, Ecut, s) containing the details of the energy losses also provides an effec-
tive cut at high z. The integrand —when normalized to have unit area— can
be interpreted as the distribution of the injection distances of CR observed
at the Earth. It also suggests the definition of the so-called “GZK sphere" as
the sphere from which originates most (say 99%) of the observed CR flux on
Earth above an energy threshold Ecut. In Fig. 3.3 we plot the distribution p
for different values of Ecut and s. We see that around a particular threshold
zGZK the distribution falls to zero: the dependence of zGZK on Ecut is quite
critical as expected, while there is also a softer dependence on s. This sug-
gests naturally the choice Ecut = 5×1019 eV for the chosen value zGZK ≃ 0.06;
at the same time, the energy cut chosen is not too restrictive, ensuring indeed
that a significant statistics might be achieved in a few years. For this Ecut

the isotropic contribution to the flux is sub-dominant; however we can take
it exactly into account and the weight of the isotropic part is given by†

wiso ∝
∫ ∞

zGZK

dz p(z, Ecut). (3.13)

†The normalization factor is fixed consistently with Eqs. (3.11)-(3.12).
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Figure 3.3: Distribution of the injection distances of CR observed at the Earth for
fixed Ecut = 5×1019 eV (top) and s = 1.5, 2.0, 2.5, 3.0 and for fixed spectral index s = 2.0
(bottom) and varying Ecut = 3, 5, 7, 9×1019 eV. The area subtended by p(z) has been
normalized to unity.

Finally, to represent graphically the result, the spike-like map (3.11) is
effectively smoothed through a gaussian filter as

fLSS(Ω̂, Ecut) ∝
∑

k

fLSS(k) exp

(

−d2
s[Ω̂, Ω̂k]

2σ2

)

+
wiso

4π
2πσ2µ(Ω̂). (3.14)

In the previous equation, σ is the width of the gaussian filter, ds is the spher-
ical distance between the coordinates Ω̂ and Ω̂k, and µ(Ω̂) is the catalogue
mask (see Section 3.2.1) such that µ(Ω̂) = 0 if Ω̂ belongs to the mask region
and µ(Ω̂) = 1 otherwise.
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3.3.3 Statistical Analysis

Given the extremely poor UHECR statistics, we limit ourselves to address
the basic issue of determining the minimum number of events needed to
significatively reject “the null hypothesis”. To this purpose, it is well known
that a χ2-test is an extremely good estimator. Notice that a χ2-test needs
a binning of the events, but differently from the K-S test performed in [139]
or the Smirnov-Cramer-von Mises test of [138], it has no ambiguity due to
the 2-dimensional nature of the problem, and indeed a similar approach was
used in [136]. A criterion guiding in the choice of the bin size is the following:
with N UHECRs events available and M bins, one would expect O(N/M)
events per bin; to allow a reliable application of the χ2-test, one has to
impose N/M ≥ 10. Each cell should then cover at least a solid angle of
∆M ∼ 10×∆tot/N , ∆tot being the solid angle accessible to the experiment.
For ∆tot ∼ 2π (50% of full sky coverage), one estimates a square window
of side 454◦/

√
N , i.e. 45◦ for 100 events, 14◦ for 1000 events. Since the

former number is of the order of present world statistics, and the latter is
the achievement expected by Auger in several years of operations, a binning
in windows of size 15◦ represents quite a reasonable choice for our forecast.
This choice is also suggested by the typical size of the observable structures,
a point we will comment further at the end of this Section. Notice that the
GMF, that induces at these energies typical deflections of about 4◦ [84], can
be safely neglected for this kind of analysis. The same remark holds for the
angular resolution of the experiment.

Obviously, for a specific experimental set-up one must include the proper
exposure ωexp, to convolve with the previously found fLSS. The function ωexp

depends on the declination δ, right ascension RA, and, in general, also on
the energy. For observations having uniform coverage in RA, like AGASA or
Auger ground based arrays, one can easily parameterize the relative exposure
as [155]

ωexp(δ) ∝ cos θ0 sin αm cos δ + αm sin θ0 sin δ, (3.15)

where θ0 is the latitude of the experiment (θ0 ≈ −35◦ for Auger South), αm

is given by

αm =







0 , if ξ > 1
π , if ξ < −1
cos−1 ξ , otherwise

(3.16)

and

ξ ≡ cos θmax − sin θ0 sin δ

cos θ0 cos δ
, (3.17)

θmax being the maximal zenith angle cut applied (we assume θmax = 60◦ for
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Figure 3.4: Galactic coordinate reference frame and contours enclosing 68%, 95% and
99% of the Auger exposure function, with the corresponding declinations. The celestial
equator (δ = 0◦) and south pole (δ = −90◦) are also shown.

Auger). Contour plots for the Auger exposure function in galactic coordi-
nates are shown in Fig. 3.4.

For a given experiment and catalogue, the null hypothesis we want to test
is that the events observed are sampled —apart from a trivial geometrical
factor— according to the distribution fLSS ωexp µ. Since we are performing
a forecast analysis, we will consider test realizations of N events sampled
according to a random distribution on the (accessible) sphere, i.e. according
to ωexp µ, and determine the confidence level (C.L.) with which the hypothesis
is rejected as a function of N . For each realization of N events we calculate
the two functions

X 2
iso(N) =

1

M − 1

M
∑

i=1

(oi − ǫi[fiso])
2

ǫi[fiso]
, (3.18)

X 2
LSS(N) =

1

M − 1

M
∑

i=1

(oi − ǫi[fLSS])
2

ǫi[fLSS]
, (3.19)

where oi is the number of “random" counts in the i-th bin Ωi, and ǫi[fLSS]
and ǫi[fiso] are the theoretically expected number of events in Ωi respectively



58 Chapter 3 The footprint of LSS on UHECR distribution

for the LSS and isotropic distribution. In formulae (see Eq. (3.11)),

ǫi[fLSS] = Nα

∑

j∈Ωi
fLSS(j)ωexp(δj)µ(j) + wiso/4π S[Ωi]

∑

j fLSS(j)ωexp(δj)µ(j) + wiso/4π Sω

, (3.20)

ǫi[fiso] = Nα
S[Ωi]

Sω

, (3.21)

where S[Ωi] =
∫

Ωi
dΩ ωexpµ is the spherical surface (exposure- and mask-

corrected) subtended by the angular bin Ωi, and similarly Sω =
∫

4π
dΩ ωexpµ.

The mock data set is then sampled N times in order to establish empirically
the distributions of X 2

LSS and X 2
iso, and the resulting distribution is studied

as function of N (plus eventually s, Ecut, etc.). The parameter

α ≡
∫

dΩ ωexp(δ)µ(Ω)
∫

dΩ ωexp(δ)
(3.22)

is a mask-correction factor that takes into account the number of points
belonging to the mask region and excluded from the counts oi. Note that
the random distribution is generated with N events in all the sky view of the
experiment, but, effectively, only the region outside the mask is included in
the statistical analysis leaving us with effective Nα events to study. This is
a limiting factor due to quality of the catalogue: With a better sky coverage
the statistics is improved and the number of events required to asses the
model can be reduced.

As our last point, we return to the problem of choice of the bin size.
To assess its importance we studied the dependence of the results on this
parameter. For a cell side larger than about ∼ 25◦ the analysis loses much
of its power, and a very high N is required to distinguish the models and
obtain meaningful conclusions. This is somewhat expected looking at the
map results that we obtain, where typical structures have dimensions of the
order 15◦−20◦. A greater cell size results effectively in a too large smoothing
and a consequent lost of information. On the other hand, a cell size below
4◦ − 6◦ makes the use of a χ2 analysis not very reliable, because of the low
number of events in each bin expected for realistic exposure times. In the
quite large interval ∼ 6◦ − 20◦ for the choice of the cell size, however, the
result is almost independent of the bin size, that makes us confident on the
reliability of our conclusions.

3.4 Results

In Fig. 3.5 we plot the smoothed maps in galactic coordinates of the expected
integrated flux of UHECRs above the energy threshold Ecut = 3, 5, 7, 9×1019 eV
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and for slope parameter s = 2.0; the isotropic part has been taken into ac-
count and the ratio of the isotropic to anisotropic part wiso/

∑

k fLSS(k) is
respectively 83%, 3.6%,≪ 1%,≪ 1%.

Only for Ecut = 3×1019 eV the isotropic background constitutes then a
relevant fraction, since the GZK suppression of far sources is not yet present.
For the case of interest Ecut = 5×1019 eV the contribution of wiso is almost
negligible, while it practically disappears for Ecut >∼ 7×1019 eV. Varying the
slope for s = 1.5, 2.0, 2.5, 3.0 while keeping Ecut = 5×1019 eV fixed produces
respectively the relative weights 8.0%, 3.6%, 1.8%, 0.9%, so that only for very
hard spectra wiso would play a non-negligible role (see also Fig. 3.3).

Due to the GZK-effect, as it was expected, the nearest structures are
also the most prominent features in the maps. The most relevant structure
present in every slide is the Local Supercluster. It extends along l ≃ 140◦

and l ≃ 300◦ and includes the Virgo cluster at l = 284◦, b = +75◦ and the
Ursa Major cloud at l = 145◦, b = +65◦, both located at z ≃ 0.01. The lack
of structures at latitudes from l ≃ 0◦ to l ≃ 120◦ corresponds to the Local
Void. At higher redshifts the main contributions come from the Perseus-
Pisces supercluster (l = 160◦, b = −20◦) and the Pavo-Indus supercluster
(l = 340◦, b = −40◦), both at z ∼ 0.02, and the very massive Shapley
Concentration (l = 250◦, b = +20◦) at z ∼ 0.05. For a more detailed list of
features in the map, see the key in Fig. 3.6.

The Ecut-dependence is clearly evident in the maps: as expected, increas-
ing Ecut results in a map that closely reflects the very local universe (up to
z ∼ 0.03− 0.04) and its large anisotropy; conversely, for Ecut ≃ 3, 4×1019 eV,
the resulting flux is quite isotropic and the structures emerge as fluctuations
from a background, since the GZK suppression is not yet effective. This can
be seen also comparing the near structures with the most distant ones in
the catalogue: while the Local Supercluster is well visible in all slides, the
signal from the Perseus-Pisces super-cluster and the Shapley concentration
is of comparable intensity only in the two top panels, while becoming highly
attenuated for Ecut = 7×1019 eV, and almost vanishing for Ecut = 9×1019 eV.
A similar trend is observed for increasing s at fixed Ecut, though the de-
pendence is almost one order of magnitude weaker. Looking at the contour
levels in the maps we can have a precise idea of the absolute intensity of
the “fluctuations” induced by the LSS; in particular, for the case of interest
of Ecut = 5×1019 eV the structures emerge only at the level of 20%-30% of
the total flux, the 68% of the flux actually enclosing almost all the sky. For
Ecut = 7, 9×1019 eV, on the contrary, the local structures are significantly
more pronounced, but in this case we have to face with the low statistics
available at this energies. Then in a low-statistics regime it’s not an easy
task to disentangle the LSS and the isotropic distributions.
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Figure 3.5: Equal area Hammer-Aitoff projections of the smoothed UHECRs arrival
directions distribution (Eq. (3.14)) in galactic coordinates obtained for fixed s = 2.0 and,
from the upper to the lower panel, for Ecut = 3, 5, 7, 9×1019 eV. The smoothing angle is
σ = 3◦. The contours enclose 95%, 68%, 38%, 20% of the corresponding distribution.
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Figure 3.6: Detailed key of the structures visible in the UHECR maps; arbitrary con-
tour levels. Labels correspond to: (1) Southern extension of Virgo and Local Superclus-
ter; (2)Fornax-Eridani Cluster; (3) Cassiopea Cluster; (4) Puppis Cluster; (5) Ursa Major
Cloud; (6-7) Pavo-Indus and "Great Attractor" region; (8) Centaurus Super-Cluster; (9)
Hydra Super-Cluster; (10) Perseus Super-Cluster; (11) Abell 569; (12) Pegasus Cluster;
(13-17) Pisces Cluster; (14) Abell 634; (15) Coma Cluster; (16-18) Hercules Supercluster;
(19) Leo Supercluster; (20) Columba Cluster; (21) Cetus Cluster; (22) Shapley Concentra-
tion; (23) Ursa Major Supercluster; (24) Sculptor Supercluster; (25) Bootes Supercluster.

The structures which are more likely to be detected by Auger (see also
Fig. 3.4) are the Shapley concentration, the Southern extension of the Virgo
cluster, the Local Supercluster and the Pavo-Indus super-cluster. Other
structures, such as the Perseus-Pisces supercluster and the full Virgo cluster
are visible only from the Northern hemisphere and are therefore within the
reach of experiments like Telescope Array [45], or the planned North exten-
sion of the Pierre Auger Observatory. Moreover, the sky region obscured by
the heavy extinction in the direction of the Galactic Plane reflects a lack
of information about features possibly “hidden” there. Unfortunately, this

N \ s 1.5 2.0 2.5 3.0
50 (42:6) (47:8) (52:10) (52:10)
100 (55:9) (60:12) (66:14) (69:16)
200 (72:27) (78:33) (84:40) (86:43)
400 (92:61) (95:72) (97:80) (98:83)
600 (98:85) (99:91) (100:96) (100:97)
800 (100:95) (100:98) (100:99) (100:100)
1000 (100:98) (100:100) (100:100) (100:100)

Table 3.1: The probability (in %) to reject the isotropic hypothesis at (90%:99%) C.L.
when UHECRs follow the LSS distribution, as a function of the injection spectral index
and of the observed number of events, fixing Ecut = 5×1019 eV.
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Figure 3.7: The probability distributions of the estimators X 2
iso and X 2

LSS for the cases
s = 2.0, 3.0 and for N = 200, 1000 events, fixing Ecut = 5×1019 eV. The distribution are
the results of 10000 monte-carlo simulation like described in the text.

region falls just in the middle of the Auger field of view, thus reducing —for
a given statistics N— the significance of the check of the null hypothesis.
Numerically, this translates into a smaller value of the factor α of Eq. (3.22)
with respect to an hypothetical “twin” Northern Auger experiment.

A quantitative statistical analysis confirms previous qualitative considera-
tions. In Table 3.1 we report the probability to reject the isotropic hypothesis
at 90% and 99% C.L. when UHECRs follow the LSS distribution, as a func-
tion of the injection spectral index and of the observed number of events,
fixing Ecut = 5×1019 eV. In Figure 3.7 we show the distributions of the func-
tions X 2

iso and X 2
LSS introduced in the previous section for s = 2.0, 3.0 and

N = 200, 1000, for the same cut Ecut = 5×1019 eV. It is clear that a few hun-
dreds events are hardly enough to reliably distinguish the two models, while
N = 800–1000 should be more than enough to reject the hypothesis at 2-3 σ,
independently of the injection spectrum. Steeper spectra however slightly re-
duce the number of events needed for a given C.L. discrimination. It is also
interesting to note that, using different techniques and unconstrained LSS
simulations, it was found that a comparable statistics is needed to probe a
magnetized local universe [79]. It is worthwhile stressing that our conclusions
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should be looked as conservative, since only proton primaries have been as-
sumed, and constant source properties. Variations in individual source power
and a mixed composition could increase the “cosmic variance” and make more
difficult to distinguish among models for the source distribution [79].

With respect to previous literature on the subject, our analysis is the
closest to the one of Ref. [136]. Apart for technical details, the greatest
differences with respect to this work arise because of the improved determi-
nation of crucial parameters undergone in the last decade. Just to mention
a few, the Hubble constant used in [136] was 100 km s−1 Mpc−1, against the
presently determined value of 71+4

−3 km s−1 Mpc−1: this changes by a 30% the
value of the quantity zGZK (see Sec. 3.3.2). Moreover, the catalogue [156] that
was used in [136] contains about 1/3 of the objects we are considering, has
looser selection criteria and larger contaminations [140]. Finally, the specific
location of the Southern Auger observatory was not taken into account. All
together, when considering these factors, we find quite good agreement with
their results.

Some discrepancy arises instead with the results of [139], whose maps
appear to be dominated by statistical fluctuations, which mostly wash away
physical structures. This has probably to be ascribed to two effects, the
energy cut Ecut = 4×1019 eV and the inclusion of high redshift object (up
to z ∼ 0.3) of the catalogue [140] in their analysis. Their choice of Ecut =
4×1019 eV implies indeed zGZK ≃ 0.1, i.e. a cutoff in a redshift range where
shot noise distortions are no longer negligible. The same remarks hold for
Ref. [138], which also suffers of other missing corrections [139]. Also, in both
cases, the emphasis is mainly in the analysis of the already existing AGASA
data than in a forecast study. Our results however clearly show that AGASA
statistics —only 32 data at E ≥ 5×1019 eV in the published data set [157],
some of which falling inside the mask— is too limited to draw any firm
conclusion on the hypothesis considered.

3.5 Summary and conclusion

In this chapter we have summarized the technical steps needed to properly
evaluate the expected anisotropy in the UHECR sky starting from a given
catalogue of the local universe, taking into account the selection function,
the blind regions, and the energy-loss effects. By applying this method to
the catalogue [140], we have established the minimum statistics needed to
significatively reject the null hypothesis, in particular providing a forecast
for the Auger experiment. We showed with a χ2 approach that several hun-
dreds data are required to start testing the model at Auger South. The
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most prominent structures eventually “visible” for this experiment were also
identified.

Differently from other statistical tools based e.g. on auto-correlation
analysis, the approach sketched above requires an Ansatz on the source candi-
dates. The distribution of the luminous baryonic matter considered here can
be thought as a quite generic expectation deserving interest of its own, but it
is also expected to correlate with many sources proposed in the literature. In
any case, if many astrophysical sources are involved in UHECR production,
it is likely that they should better correlate with the local baryonic matter
distribution than with an isotropic background.

Until now, the lack of UHECR statistics and the inadequacy of the as-
tronomical catalogues has seriously limited the usefulness of such a kind of
analysis. However, progresses are expected in both directions in forthcom-
ing years. From the point of view of UHECR observatories, the Southern
site of Auger is almost completed, and already taking data. Working from
January 2004 to June 2005, Auger has reached a cumulative exposure of
1750 km2 sr yr, observing 10 events over 1019.7 eV=5×1019 eV (see the URL:
www.auger.org/icrc2005/spectrum.html), Notice that statistical and sys-
tematic errors are still quite large, and a down-shift in the log10 E scale of
0.1 would for example change the previous figure to 17 events. Once com-
pleted, the total area covered will be of 3000 km2, thus improving by one
order of magnitude present statistics in a couple of years [158]. The idea to
build a Northern Auger site strongly depends on the possibility to perform
UHECR astronomy, for which full sky coverage is of primary importance.
In any case, the Japanese-American Telescope Array in the desert of Utah
is expected to become operational by 2007 [159]. It should offer almost an
order of magnitude larger aperture per year than AGASA in the Northern
sky, with a better control over the systematics thanks to a hybrid technique
similar to the one employed in Auger.

The other big step is expected in astronomical catalogues. The 2MASS
survey [141] has resolved more than 1.5 million galaxies in the near-infrared,
and has been explicitly designed to provide an accurate photometric and as-
trometric knowledge of the nearby Universe. The observation in the near
IR is particularly sensitive to the stellar component, and as a consequence
to the luminous baryons. Though the redshifts of the sources have to be
obtained via photometric methods, the larger error on the distance estimates
(about 20% from the 3-band 2MASS photometry [142]) is more than com-
pensated by the larger statistics. An analysis of this catalogue for UHECR
purposes is in progress. Independently of large sky coverage, deep surveys
like SDSS [144] undoubtedly have an important role in mapping the local
universe as well. For example, the information encoded in such catalogues
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can be used to validate methods —like the neural networks [160; 161; 162]—
used to obtain photometric redshifts. An even better situation is expected
from future projects like SDSS II (see the URL: www.sdss.org). Finally, a
by-product of these surveys is the discovery and characterization of active
galactic nuclei [163; 164], which in turn could have interesting applications
in the search for the sources of UHECRs.
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Chapter 4

First hints of large scale

structures in the ultra-high

energy sky?

T
he result of the recent publication [165] of a broad maximum around 25
degrees in the two-point autocorrelation function of ultra-high energy cosmic

ray arrival directions has been intriguingly interpreted as the first imprint of the
large scale structures (LSS) of baryonic matter in the near universe. We analyze this
suggestion in light of the clustering properties expected from the PSCz astronomical
catalogue of LSS. The chance probability of the signal is consistent within 2 σ with
our expectations. No evidence for a significant cross-correlation of the observed
events with known overdensities in the LSS is found, which may be due to the role
of the galactic and extragalactic magnetic fields, and is however consistent with
the limited statistics. The larger statistics to be collected by the Pierre Auger
Observatory is needed to answer definitely the question.

4.1 Introduction

As summarized in sec.1.5 at the present, two different classes of models com-
pete to explain the most energetic CR events observed. In “bottom-up" mech-
anisms the acceleration up to extreme energy occurs in suitable astrophys-
ical environments, whereas in “top-down" scenarios UHECRs are produced
by the decay or annihilation of super-massive relic particles in the halo of
our Galaxy or by cosmological diffuse topological defects. The observation
that UHECR arrival directions (in particular at energies E >∼ 8 × 1019 eV)
may cluster according to the underlying large scale structure (LSS) of the
universe would represent a clear evidence in favor of the “bottom-up" mecha-
nisms, and should co-exist with the well known GZK flux suppression . The
challenging and fascinating problem of determining at which energy (if any)
astronomy with charged particles becomes possible is thus strictly related to
the identification of the sources of UHECRs, which in turn would constrain
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the galactic and extragalactic magnetic fields as well as the chemical com-
position of the primaries. The latter point is an important prerequisite to
use UHECR data to study particle interactions at energy scales otherwise
inaccessible to laboratory experiments.

Until now, the experiments of the previous generation have collected
O(100) events above E >∼ 4− 5× 1019 eV, and one may wonder if any useful
hint of the UHECR sources already hides in the available catalogues. In the
recent publication [165], the authors found some evidence of a broad maxi-
mum of the two-point autocorrelation function of UHECR arrival directions
around 25 degrees. The evidence was obtained combining the data with en-
ergies above 4 × 1019 eV (in the HiRes energy scale) of the HiRes stereo,
AGASA, Yakutsk and SUGAR experiments. The different scales were ad-
justed a priori in order for the fluxes around 1019 eV to agree with each other,
and according to the known systematics of the different experiments. This
signal is not or only marginally present analyzing events of a single experi-
ment, but becomes significant when data from several experiments are added.
Both the signal itself and the exact value of the chance probability have to
be interpreted with care, since the authors did not fix a priori the search and
cut criteria. Although the nominal value of the chance probability for the
signal to arise from random fluctuations is around 0.01%, when taking into
account a penalty factor of 30 they estimated the “true chance probability"
of the signal to be of the order of P ∼ 0.3%. Also, the autocorrelation signal
disappears lowering the energy threshold, indicating that it is not caused
solely by an incorrect combination of the exposure of different experiments.
The authors suggest that, given the energy dependence of the signal and its
angular scale, it might be interpreted as a first signature of the large-scale
structure of UHECR sources and of intervening magnetic fields.

The aim of this chapter is to test their qualitative interpretation of the
result on the light of the signal expected if UHECR data reflect the large
scale structure distribution of galaxies in the nearby universe. In Ref. [166]
(summarizedin the previous chapter), we have performed a forecast analysis
for the Pierre Auger Observatory, to derive the minimum statistics needed
to test the hypothesis that UHECRs trace the baryonic distribution in the
universe. Assuming proton primaries, we found that a few hundred events at
E >∼ 5 × 1019 eV are necessary at Auger to have reasonably high chances to
identify the signature, independently of the details on the injection spectrum.
In this chapter we calculate the expected signal in terms of the autocorre-
lation function as in [165] for the presently available statistics, and discuss
quantitatively how well predictions based on the LSS distribution can repro-
duce their findings.
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H 40 EeV  27
Y 60 EeV 13

SUGAR 60 EeV  31
HP 100 EeV 4
FY 100 EeV 1
VR 100 EeV 1

Figure 4.1: Skymap of the UHECR arrival directions of events with rescaled energy
E′ > 4 × 1019 eV in equatorial coordinates [165]; magenta crosses–30 Agasa (A) events
with E > 5.2 × 1019 eV, red circles–27 HiRes (H) events with E > 4 × 1019 eV, black
stars–13 Yakutsk (Y) events with E > 6 × 1019 eV, blue boxes–31 Sugar (S) events with
E > 6 × 1019 eV, magenta crosses–4 Haverah Park (HP) events with E > 1020 eV, red
triangle–one Flye’s Eye (FY) event with E > 1020 eV, blue triangle–Volcano Ranch (VR)
event with E > 1020 eV.

4.2 UHECR data sets and their energy scale

In our analysis, we closely follow the approach reported in [165], which we
briefly summarize here. In particular, we use: (i) the publicly available
AGASA data set until May 2000, consisting of 57 events with E > 4×1019 eV
and zenith angle ϑ < 45◦ [157]; (ii) the Yakutsk data as presented at the
ICRC 2005 [167], including 34 events with energy E > 4×1019 eV and zenith
angle ϑ < 60◦. We limit to the events within zenith angle ϑ < 45◦; (iii) the
SUGAR data with energy above E > 1 × 1019 eV and zenith angle ϑ < 70◦

[42]; (iv) the HiRes stereo data set, with the arrival directions of the events
with energy E > 1 × 1019 eV taken from [169], and the data set divided
into events with energy E = 1 − 2 × 1019 eV, E = 2 − 4 × 1019 eV, and
E > 4 × 1019 eV according to [170].

In order to match the flux normalization of HiRes, the energies of the
AGASA data must be rescaled downwards by ∼ 30%, while the energies of
Yakutsk and SUGAR data by ∼ 50%.

In Fig. 4.1, we show a skymap in equatorial coordinates of the arrival
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H + S 20-40 EeV 97

H + S 40 EeV 49

Figure 4.2: Skymap of the UHECR arrival directions in equatorial coordinates [165]
from Hires and SUGAR in three different energy bins, E = (1− 2)× 1019 (magenta, small
circles), E = (2 − 4) × 1019 (blue, medium box) and E ≥ 4 × 1019 eV (red, large stars).

directions of the UHECR used in the analysis below. An inspection by eye
indicates an overdense region around and south the AGASA triplet as well
as several underdense regions or voids. In Fig. 4.2, we show for comparison a
skymap with events from those two experiments (Hires and SUGAR) which
published also arrival directions below E ′ = 4×1019 eV. Again an inspection
by eye indicates that the addition of low-energy data appears to make the
sky map more isotropic. In the next section, we perform a statistical analysis
to deduce the typical angular scales of excess correlations visible for E ′ =
4 × 1019 eV.

4.3 UHECR clustering on medium scales and

LSS

We define the (cumulative) autocorrelation function w as a function of the
separation angle δ as

w(δ) =
N
∑

i=2

i−1
∑

j=1

Θ(δ − δij), (4.1)
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where Θ is the step function, N the number of CRs considered and δij =
arccos(cos ρi cos ρj +sin ρi sin ρj cos(φi −φj)) is the angular distance between
the two cosmic rays i and j with coordinates (ρ, φ) on the sphere. We per-
form a large number M ≃ 105 of Monte Carlo simulations of N data sampled
from an uniform distribution on the sky and for each realization j we calcu-
late the autocorrelation function wiso

j (δ). The sets of random data match the
number of data for the different experiments passing the cuts after rescaling,
and are spatially distributed according to the exposures of the experiments.
The formal probability P (δ) to observe an equal or larger value of the auto-
correlation function by chance is

P (δ) =
1

M

M
∑

j=1

Θ[wiso
j (δ) − w⋆(δ)], (4.2)

where w⋆(δ) is the observed value for the cosmic ray dataset and the con-
vention Θ(0) = 1 is being used. Relatively high values of P and 1 − P
indicate that the data are consistent with the null hypothesis being used to
generate the comparison samples, while low values of P and 1 − P indicates
that the model is inappropriate to explain the data. Note also that by con-
struction the values at different δ of the function P (δ) are not independent.
Nonetheless, studying the cumulative distribution function (as opposed to
the differential one) is the only realistic way to extract information in a low
statistics “noisy" sample. In addition, an autocorrelation study—differently
from the approach of Ref. [166] where a χ2-analysis was used—only relies on
the clustering probability in the data, while any directionality in the signal
is lost. Although providing less compelling evidence, this method has the
advantage of being more robust towards large magnetic deflections. As long
as the energy and the charge of primaries from the same source are similar,
their relative displacement should be small compared with the absolute dis-
placement with respect to their sources. Thus it is natural to expect that the
first (although more ambiguous) hints of a signal may come from the study
of w(δ).

In Fig.4.3 the results of the correlation analysis of [165] is showed. Figure
4.4 summarizes our main results. The solid, black curve shows that under
the same assumptions of Ref. [165], we obtain the same behavior for the
chance probability of w(δ). To proceed further, we have to compare the
previous signature with the one expected from a model of the LSS. As in
[166], we use the IRAS PSCz galaxy catalogue [140]. We address to our
previous work [166] as well as to the original paper [140] for technical details
about the catalogue and about the calculation of the UHECR sky map—
which takes into account energy losses as well—that we use in the following.
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Figure 4.3: (Top) Chance probability P (δ) to observe a larger value of the autocorrelation
function as function of the angular scale δ for different combinations of experimental data
[165]; label of experiments as in Fig. 4.1. (Bottom) Chance probability P (δ) to observe a
larger value of the autocorrelation function as function of the angular scale δ for different
cuts of the rescaled energy E′ [165]: black E′ ≥ 1 × 1019 eV, blue E′ ≥ 2 × 1019 eV and
red line E′ ≥ 4 × 1019 eV.
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Figure 4.4: The solid line shows the chance probability P (δ) (in %) to observe a larger
value of the autocorrelation function as function of the angular scale δ for the combination
of experimental data of Hires+AGASA+Yakutsk+SUGAR as described in the text. The
dashed purple line is the same signal, when cosmic rays falling in the PSCz catalogue mask
are disregarded. The dot-dashed green line is the same quantity, if the random events are
sampled according to the LSS distribution, instead of an uniform one.

It is important reminding that the catalogue suffers of an incomplete sky
coverage. This includes a zone centered on the galactic plane and caused by
the galactic extinction and a few, narrow stripes which were not observed
with enough sensitivity by the IRAS satellite. These regions are excluded
from our analysis with the use of the binary mask available with the PSCz
catalogue itself. This reduces the available sample (by about 10%) to 93
events and the nominal chance probability to 0.1% (Fig. 4.4, dashed–purple
line). Note that this is a quality factor of the catalogue, not an intrinsic
problem of the data or theoretical prediction. The green/dot–dashed line
in Fig. 4.4 shows the chance probability of the signature found in [165], if
the random events are sampled according to the LSS distribution (obviously
convolved with the experimental exposures), rather than from an uniform
one. Finally, the dotted line shows the same result if the random events are
sampled according to the square of the LSS distribution, as one would expect
e.g. for a strongly biased population of sources.

The prominent minimum of [165] is greatly reduced when using as null
hypothesis the LSS model instead of the uniform one; this effect is even
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more prominent in the quadratic map. Also, the data are less clustered
than expected from an uniform distribution at δ ∼ 160◦ (P (w > w⋆) ∼
100%). This additional puzzling feature disappears when using the LSS null
hypothesis, as it appears clearly in Fig. 4.5, where we plot the function
P (δ) × [1 − P (δ)] for the same cases of Fig. 4.4. This function vanishes
if any of P or 1 − P vanishes and has the theorethical maximum value of
1/4. So, the higher its value is the more consistent the data are with the
underlying hypothesis. Apart for the very small scales, where our results are
unrealistic since we did not include magnetic smearing or detector angular
resolution, the much better concordance of the UHECR distribution with the
LSS distribution than with the uniform one is evident at any scale. Taken at
face value, our result implies a nominal probability P ∼ 5% that the main
signature found in Ref. [165] arises as a chance fluctuation from the LSS
distribution. This result suggests that the clustering properties of LSS are
in much better agreement with the experimental data than a pure isotropic
distribution. This is not an unexpected feature given that, as found in [166],
the typical size on the sky of the clusters of structures lie in the range 15◦-30◦.

The absolute scale of the result in Fig. 4.4 is affected by an uncertainty
due to the true energy scale: we calculated the map assuming that the HiRes
energy scale is the correct one, in agreement with Berezinsky et al.’s fit of
the dip due to pair production of protons on CMB [171]. But if the true
energy is higher, as a compromise solution with the other experiments may
require, the chance probability is slightly higher. In this respect, one may
look at our result as a conservative one. Hence, the largest sample of [165]
which we chose on the basis of the strongest signal is consistent within “2σ"
with the clustering properties expected from LSS distribution∗. Also given
the fact that the “true probability" is higher than the nominal one (due to
the penalty factor of the search a posteriori performed in [165]), this may be
considered as an argument in favor of their interpretation.

In order to understand why their result is consistent with our sampled
catalogue, it is useful to look at the chance probability of the autocorrela-
tion signal of events sampled from the LSS according to the experimental
exposures. We show it in Fig. 4.6 for two samples of 93 and 279 data, re-
spectively the same statistics of the dashed and dot–dashed curves in Fig.
4.4, and a factor 3 higher. The curves are obtained as follows: a large num-
ber M(≃ 104) Montecarlo realization of N events is sampled according to
the LSS probability distribution, and for each realization i we calculate the
function wLSS

i (δ). We generate analogously M random datasets from an uni-

∗Consistent within “2σ" means here at least in 5% of the cases. The distribution is
indeed far from gaussian, and the number of σ can be used in its loose sense only.
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Figure 4.5: The function P (δ) × [1 − P (δ)] for the same cases shown in Fig. 4.4. See
text for details

form distribution, and calculate wiso
j (δ). The fraction of the M2 simulations

where the condition wiso
j (δ) ≥ wLSS

i (δ) is fulfilled is the probability

PLSS(δ) =
1

M2

M
∑

i=1

M
∑

j=1

Θ[wiso
j (δ) − wLSS

i (δ)], (4.3)

which is the function shown in Fig. 4.6.
An important qualitative feature is that the shape of the curve presents

indeed a broad minimum at scales of δ <∼ 30◦, and a moderate plateau at
scales of 70◦ <∼ δ <∼ 130◦. As shown by the N = 279 case, in particular the
first feature is intrinsic to the data: the more data are sampled, the more
enhanced it appears. This is also the trend shown in [165] when enlarging
the experimental statistics considered. Also, the higher the energy cut in
the map, the stronger the signature, since the local structures are more and
more prominent. Finally, the LSS data samples are typically less clustered
than the uniform ones at δ >∼ 150◦ (P > 50%).

On the other hand, the minimum found in Fig. 4.6 for the sample of
93 data is much less prominent than the one shown by the dashed curve
in Fig. 4.4. This explains why the consistency is “only” at the level of
∼ 5%. This fact is not unexpected, given the predictions of Ref. [166]:
∼ 100 events are too few to guarantee a detection of the imprint of the
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Figure 4.6: Chance probability P (δ) (in %) to observe a larger value of the autocorrela-
tion function as function of the angular scale δ for two samples of 93 and 279 data according
to the LSS map cutted at 4 × 1019 eV. The three lower curves for the N = 279 case show
the signature when the map cutted at E > 2, 4, 5×1019 eV—from top to bottom—is used,
while the upper solid curve refers to the case N = 93, E > 4 × 1019 eV.

LSS with a high significance. Consistently with the results of Fig. 4.4,
we checked that the dip in Fig. 4.6 becomes more pronounced if we use a
quadratic bias with LSS. Although not statistically significant at the moment,
a confirmation of a highly clustered signal at intermediate scales may suggest
thus a more than linear correlation of UHECR sources with the galaxy density
field. Alternatively, this may be due to the magnetic smearing of a few
relatively strong point-sources.

Clearly, a smoking gun in favor of the LSS-origin would be a correlation
between the data and the expected excess in the LSS map. By performing
an analysis similar to the previous one, but in terms of the cross-correlation
function between simulated data and sampled ones, we did not find any evi-
dence favoring a LSS origin with respect to the uniform case. Actually this
is not unexpected within the model considered in [166], since ∼ 100 data
at energy >∼ 4 × 1019 eV is still a too low statistics to draw a firm conclu-
sion in this sense. However, the lack of this signature may also be related
to the role of intervening magnetic fields. Acting on an energetically (and
possibly chemically) inhomogeneous sample, magnetic fields may displace the
observed positions with respect to the original ones in a non trivial way, with-
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out evidence for a characteristic scale, at least in a poor statistics regime. A
possible hint towards a non-negligible role of magnetic fields is given also by
the fact that the dip in the LSS signal is already present at relatively small
angles. This feature may have disappeared in the UHECR sample due to a
smearing effect of the magnetic fields.

4.4 Discussion and Conclusions

We have analyzed the hypothesis that the broad maximum of the two-point
autocorrelation function of the UHECRs arrival directions around 25◦ found
in Ref. [165] may be due to the imprint of the LSS. We have concluded
that this suggestion is at least partially supported by the UHECR sky map
constructed starting from a LSS catalogue. Even their nominal (non penalty
factor-corrected) result for the autocorrelation function is consistent within
2 σ with our expectations. A stronger correlation with source luminosity or
a more-than-linear bias with overdensity may improve the agreement. Also,
the correlation may not be directly with the LSS themselves: any class of
sources which is numerous enough is expected to show some indication in
favor of this correlation. The low statistics and the role of the magnetic field
deflections may explain why no significant cross-correlation between data and
LSS overdensities is found.

The authors of Ref. [165] also claim that the if the signal found is real,
a heavy composition of the UHECRs is disfavored. However, we note that
a heavy or mixed composition of the UHECRs may well be consistent with
the signature. If we limit to the role of the (relatively well known) galactic
magnetic field, a naive extrapolation of the simulations performed in [84]
would indicate in the linear regime deflections for iron nuclei of about 130◦

with respect to the incoming direction. UHE iron nuclei would then be
in a transition from diffusive to ballistic regime. Nonetheless, the signal is
sensitive to the relative deflections of “bunches" of cosmic rays originating
from a similar region of the extragalactic sky, for which typical models of the
regular galactic magnetic field predict a smearing <∼ 40◦ even for iron nuclei,
as long as their energies do not differ by more than about 30%. One may even
speculate that the second dip at large angles (arising from cross-correlation of
different groups of overdensities) might originate from primaries of different
rigidity coming from the same few sources, splitted apart by intervening
fields. Also, the consideration in [165] that accounting for the medium scale
structure in UHECRs may change the significance of claims of small-scale
clustering should be carefully examined. If the picture emerging from Ref.
[165] and this chapter is consistent, both LSS and magnetic fields play a role in
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shaping the signal, otherwise it is hard to explain the lack of cross-correlation
with known overdensities of LSS. “Filaments and voids" in the observed data
do not match the position of filaments and voids in the LSS. But if they are
nonetheless connected, this difference must be rigidity-dependent. Thus, a
cluster of events with high rigidity may well arise in a void of the presently
known UHECR filamentary structure, which may sit closer to an overdensity
of the LSS. Indeed, the clustered component of the AGASA data favoring
small-scale clustering does show a different energy spectrum than the non-
clustered component. This discussion emphasizes that, unfortunately, it is
virtually impossible to draw strong conclusions at present, even assuming
that the clustering at intermediate scales is physical.

In conclusion, the analysis performed in this chapter does not exclude
that the signal found in [165] may be due to the imprint of the LSS, and
indeed gives some support in this sense. Definitely, the larger statistics that
the Auger Observatory is going to collect in the next years is needed to tell
us finally if astronomy is possible with UHECRs or, equivalently, if we will
be ever able to look at the sky with new and “ultra-energetic” eyes.



Chapter 5

Overview of Gamma Ray

Astronomy

G
amma Ray Astronomy, as cosmic rays physics, is a very wide field comprising
many different aspects both theoretical and experimental. In this chapter we

review only some of the fundamental issues involved, with the aim of giving a basic
understanding of the field in particular illustrating the experimental difficulties and
related techniques on one hand and the recent results and future capabilities on
the other. For extensive reviews of the field we address the reader to the papers
[172; 173; 174]. Also for the most updated reports in the current experimental
status we address to the biannual proceedings of the International Cosmic Ray
conferences [176].

5.1 Introduction

Gamma-ray astronomy is a rapidly developing subject. The first source de-
tections were made in the 1960s, but it has only been in the last fifteen years
that the field has been put on a solid foundation.

Two important developments have happened in this time. First, discover-
ies made by satellite experiments on the Compton Gamma Ray Observatory
have revolutionized our understanding of the high-energy universe. Obser-
vations have shown that there are many more astrophysical sources of high-
energy radiation than had been previously suspected. Second, ground-based
experiments using the atmospheric Cherenkov technique have unambiguously
detected gamma rays from a handful of sources at very high energies (1012

eV and beyond). These detections confirm the belief that gamma-ray astron-
omy can be done from the ground and indicate a great potential for future
scientific discovery.

Although gamma-ray astronomy is still in an exploratory phase, the goals
for the field are lofty. We would like to learn as much as we can about the
highest energy astrophysical accelerators. This knowledge may help us under-
stand the origin of the cosmic rays. In addition, by studying sources of very
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high-energy radiation, we glimpse astrophysical situations in which conven-
tional physics operates under extreme conditions (e.g. intense gravitational
or magnetic fields), or in which new physics may be required. High-energy
gamma rays represent one of the last remaining regions of the electromag-
netic window to be systematically explored. As with any new energy band,
we expect to encounter new phenomena not seen at other wavelengths.

5.2 Experimental techniques

Gamma rays encompass a very wide range of energies (MeV to 1020 eV).
Therefore, we cannot expect that a single type of detector will work at
all gamma-ray energies. The three principal detectors are satellite experi-
ments, atmospheric Cherenkov telescopes, and air shower arrays. As shown
in Fig. 5.1, current satellite experiments operate at MeV and GeV energies,
atmospheric Cherenkov telescopes operate between 250 GeV and 50 TeV,
and air shower arrays operate above 1-10 TeV. In this section, we discuss the
various techniques and the actual experiments using it.
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Figure 5.1: Gamma-ray detection methods [176]. The ranges in energy covered by
current gamma-ray detectors are shown. The horizontal axis is log(E) where E is the
energy in eV.

5.2.1 Satellite telescopes

The spectrum of high-energy photons is divided into the X-ray and γ-ray
bands, which typically overlap at photon energies of 100-200 keV. The major
X-ray satellite instruments operating at the present time are RXTE, ASCA,
Chandra, and XMM-Newton. In the γ-ray band between 100 keV and 100
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Figure 5.2: The Third EGRET Catalog consists of 271 sources: 5 pulsars, 1 solar flare,
66 high-confidence blazar identifications, 27 possible blazar identifications, 1 likely radio
galaxy (Cen A), 1 normal galaxy (LMC), and 170 unidentified sources.

MeV, the operating satellite telescopes are HETE-2, Swift, and INTEGRAL.
There is currently no operating space-based telescope with significant sen-
sitivity to high-energy γ-rays above 100 MeV. The last major telescope in
this band was EGRET on the Compton Gamma Ray Observatory (CGRO)
which operated between 1991 and 2000.

EGRET and the Cosmic Gamma Background

The Compton Gamma Ray Observatory (CGRO) started the observations in
1991. Aboard the satellite there were four gamma-ray experiments: BATSE,
OSSE, COMPTEL, and EGRET [177]. EGRET (Energetic Gamma Ray Ex-
periment Telescope) detects high-energy gamma rays via their conversion to
electron-positron pairs. EGRET was made up of a spark chamber system to
track the electron-positron pairs and a total absorption calorimeter (TASC)
to measure the track energies.

In the 9 years of operation the physics outcomes have been lofty. In
Fig. 5.2 is shown the final catalogue of VHE gamma sources detected by
EGRET. Various galactic sources among which pulsars, but for the most
unidentified, have been established as gamma emitters; more interestingly
a lot of extragalactic sources have been discovered, mainly AGN of Blazar-
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type class. Most of these sources are looked for their TeV counterpart by the
ground-based telescopes.

Perhaps among the most interesting results there is the detection of a
diffuse isotropic radiation that could result from many unresolved extra-
galactic point sources or from the injection of very high energy radiation
from processes in the early universe. EGRET has measured the isotropic
diffuse radiation at energies from 30 MeV to 100 GeV [178]. New measure-
ments of this radiation in the GeV (and possibly TeV) energy bands will
likely have to wait until the launch of GLAST. The high-energy counterpart
of this emission will be the main topic of the next chapter.

GLAST

The motivations for a next

Figure 5.3: Artist’s conception of GLAST, the
next major satellite γ-ray telescope [179]. The main
GLAST instrument will consist of interleaved Si-
strip/absorber layers for tracking and an imaging
CsI calorimeter for energy and position measure-
ment.

generation satellite telescope for
gamma-ray astronomy are clear.
Only a space telescope can mon-
itor the gamma-ray sky at en-
ergies below 10 GeV. With ad-
vances in technology, it is prob-
able that a new telescope could
extend all-sky coverage to at
least 100 GeV. The scientific
objectives of high energy gamma-
ray astronomy clearly require
a combination of both space
and ground-based detectors. A
number of detector concepts for
a new satellite gamma-ray tele-
scope have been put forward.
GLAST is a future, major high-
energy γ-ray mission that is
being developed by an inter-
national consortium and cur-
rently scheduled for launch in
Fall 2007. The mission con-
sists of two instruments, the Large Area Telescope (LAT) and the GLAST
Burst Monitor (GBM) [180]. The LAT will have greatly superior performance
relative to EGRET (i.e. an order of magnitude improvement in sensitivity).
Of particular importance for VHE astronomy, the LAT will have a rela-
tively constant effective area up to energies of 300 GeV, implying that many
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sources detected by GLAST will have measured spectra that overlap with
ground-based instruments. The GBM is a gamma-ray burst detector that
will detect and localize bursts in a similar manner to BATSE on the CGRO.
The GBM performance will be similar to BATSE but will cover a wider en-
ergy range with a smaller collection area. The major science goals of GLAST
are to discover new sources of high-energy γ-rays (e.g. AGN, pulsars, SNRs,
GRBs, and new objects), to more accurately measure spectra and positions
of sources to understand the mechanisms of high-energy particle acceleration,
and to probe dark matter and the early universe via observations of possible
neutralino signatures and of distant AGN and GRBs.

In addition to GLAST, the AGILE mission aims to study gamma-ray and
X-ray sources in the 30 MeV - 30 GeV and 10-40 keV energy ranges, respec-
tively. AGILE is being developed by a group of Italian institutions for a
launch in the 2006-2007 time frame. Details on the mission can be found at
their website [181].

5.2.2 Extensive gamma air showers detectors

At very high energies where satellite experiments are limited by rapidly
falling gamma-ray fluxes, astronomy can only be done by ground-based in-
struments using the Earth’s atmosphere as the detection medium. For most
wavelengths, the atmosphere poses significant challenges for astronomy. The
quality of optical and infrared astronomy is compromised by observations
made through the atmosphere. For ultraviolet, X-ray, and gamma rays,
direct detection by ground-based instruments is impossible. At very high
energies (VHE), however, indirect gamma-ray detection is possible. VHE
gamma rays initiate cascades, or extensive air showers (EAS), of particles
which propagate down through the atmosphere. The secondary charged par-
ticles and photons produced in the EAS can be detected by ground-level
instruments. Ground-based gamma-ray telescopes turn the possible disad-
vantage of atmospheric absorption into an advantage.

We have already widely reviewed the properties of EAS in the chapter
devoted to cosmic rays. Here we only underline some other particular fea-
tures that is relevant for gamma showers. The structure of gamma EAS is
reasonably well understood. A very high-energy gamma ray interacts with
an air molecule in the upper atmosphere at altitudes between 10 and 15 km.
The electron-positron pair produced from this interaction initiates an electro-
magnetic cascade. Photons are generated via bremsstrahlung and subsequent
pairs are created from the photons. The number of particles in the cascade
increases geometrically until the mean electron (e+ and e−) energy falls be-
low the critical energy (85 MeV) where energy loss by ionization exceeds
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that of bremsstrahlung. At this point, the shower has reached its maximum
development and as it subsequently propagates lower in the atmosphere the
number of charged particles decreases exponentially. The size of an EAS
refers to the number of charged secondary particles (mostly electrons) in the
cascade. For vertical showers initiated by 100 TeV gamma rays, the size at
shower maximum is typically 100 000, and 25 000 particles reach mountain
level heights.

The radiation length of air is 37 g cm−2 at STP. At sea level, the at-
mospheric depth is 1033 g cm−2 which corresponds to nearly 28 radiation
lengths. Even at very high mountain sites (e.g. Tibet), there is >600 g
cm−2 of atmospheric overburden. Shower maximum thus generally occurs
well above ground level for showers initiated by all but the most energetic
primaries. For example, shower maximum for vertical 1 TeV gamma-ray
showers occurs at an average altitude of 8 km. Altitude is then a funda-
mental element for the site experiment in order to optimize the detection
performances.

Gamma-ray astronomy is possible using EAS for a number of important
reasons. The high energy of the incident photon leads to shower particles
at relativistic energies. As a result, the particles are beamed to the ground
and their trajectories retain the directionality of the incident gamma ray.
The shower wavefront is narrow and can be thought of as a "pancake" of
particles with a thickness of 1 m at the center. The tight longitudinal struc-
ture means that fast timing (1 ns) can be used to measure the orientation of
the shower wavefront and hence estimate the primary direction. In addition,
the fast time scale allows the signal produced by the shower front particles
to be separated from random background processes. Finally, and most im-
portantly, the lateral distribution of air showers allows detectors spread out
on the ground to be sensitive to particles whose initial trajectory would not
have intersected a detector in the absence of the atmosphere. The effective
area of an air shower detector is much larger than its physical area. Detector
arrays can be constructed which sample only a fraction of the particles in
the lateral distribution.

Air shower arrays are detectors which sample the charged particles of an
air shower. Fast timing between detector elements is used to estimate the
primary particle direction. The shower core is approximated by the location
of greatest particle density and the lateral distribution is reconstructed from
measurements of the particle density at different radii from the core. The
primary energy is inferred from the calculated shower size.

The relativistic charged particles in EAS are moving faster than the speed
of light in air and emit Cherenkov radiation [182]. At sea level, the index of
refraction of air is 1.000283 which leads to a Cherenkov threshold energy of
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22 MeV for electrons and 4.4 GeV for muons. Most of the charged particles
in EAS have energies exceeding these threshold values and thus a copious
amount of Cherenkov radiation is generated. The Cherenkov production
spectrum varies as λ−2, where λ is the photon wavelength. Since the at-
mosphere is largely transparent to light between 300 and 600 nm, most of the
produced Cherenkov radiation reaches the ground under good atmospheric
conditions. For example, a 1 TeV gamma-ray shower produces an average of
3×106 Cherenkov photons at ground level.

The Cherenkov radiation is calorimetric in the sense that most of it is
produced from particles near shower maximum. Similarly, since the lateral
distribution of Cherenkov light is determined largely by the altitude of shower
maximum and the Cherenkov opening angle, the light pool on the ground is
relatively uniform in density out to a distance of 125 m from the core, be-
yond which the density falls off rapidly. The generic atmospheric Cherenkov
telescope uses a mirror to concentrate EAS Cherenkov light onto a single
photomultiplier tube or onto a camera of tubes.

5.2.3 Cosmic ray rejection

Extensive air showers initiated by hadronic cosmic rays are similar in many
respects to those initiated by gamma rays. Therefore, because of their high
flux, cosmic rays constitute a formidable background for ground-based tele-
scopes seeking to detect gamma rays. The initial interactions of a cosmic ray
in the atmosphere produce primarily hadronic particles (nuclei, pions, etc.).
Charged pions feed the hadronic cascade but neutral pions decay to pho-
tons which initiate electromagnetic sub-showers. Cosmic ray showers evolve
into predominantly electromagnetic cascades with cores of hadronic particles.
Most of the hadrons are absorbed in the atmosphere. Approximately, 10% of
the shower energy is carried in the form of GeV muons produced by charged
meson decay. The muons that do not decay in flight reach the ground.

The integral flux of cosmic ray particles above 1 TeV is 1.7×10−5cm−2s−1sr−1.
In a circular angular bin of radius 0.5◦, the cosmic ray rate is 4.1×10−9 parti-
cles cm−2s−1 which is 400 times higher than the integral gamma-ray flux from
the Crab Nebula above 1 TeV. Without some means to discriminate against
the overwhelming background of cosmic rays, very high-energy gamma-ray
astronomy would be extremely difficult. Fortunately, there are significant
differences in the properties of showers initiated by gamma-ray and cosmic
ray primaries that can be exploited to achieve background rejection which
are manifested in differences in the observed Cherenkov light pattern on the
ground for the cherenkov experiment or in the number of particles and their
later profile for EAS arrays.
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Figure 5.4: Development of vertical 1-TeV proton and γ-ray showers in the atmosphere
[174]. The upper panels show the positions in the atmosphere of all shower electrons
above the Cherenkov threshold; the lower panels show the resulting Cherenkov images in
the focal plane of a 10-m reflecting mirror when the showers fall 100 m from the detector.
(Note that the center of the focal plane is situated at the bottom left of the bottom panels.)
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Figure 5.4 illustrates the main differences that are exploited in gamma and
hadronic showers separation. Due to higher content of muons, an hadronic
showers generally produces a more irregular pattern of cherenkov photon in
the mirror while a gamma shower is typically more compact and regular in
shape. The same is true for EAS array where a proton shower results in
various isolated detected spots of muons near a central core of particles while
a only a compact core is seen in a gamma EAS. The separation, however, can
be achieved only on a statistical basis, given that the pattern distributions of
gamma and proton EAS always overlap in some amount. Comprehensive re-
views of the techniques for rejecting cosmic rays with atmospheric Cherenkov
telescopes can be found in [183; 184].

The amount of Cherenkov radiation produced is also an useful mean to
gamma-proton separation in cherenkov telescopes. The Cherenkov photon
yield in EAS initiated by cosmic ray primaries is significantly smaller than it
is in EAS initiated by gamma rays. In cosmic ray showers, a large fraction
of the energy is carried by hadrons and neutrinos which produce little or no
amounts of Cherenkov radiation. For primary energies between 0.2 and 10
TeV, the ratio of the Cherenkov light intensity found in a gamma-ray shower
to that found in a proton shower is between two and three. Experiments
operating at these energies achieve a certain degree of hadronic suppression.

Finally, for point sources, also used is the fact that cosmic rays arrive
isotropically whereas gamma rays arrive from the source direction. The an-
gular resolution δϑ becomes then a powerful mean to reduce the background.
If the angular resolution increases the gamma flux from the source remains
constant while the hadron background decreases as δϑ2.

5.2.4 Atmospheric Cherenkov technique

Atmospheric Cherenkov Telescopes detect VHE γ-rays by capturing the rapid
(∼ 5 ns) Cherenkov flashes amidst the background of night sky photons.
These telescopes use large optical mirrors to focus the mostly blue Cherenkov
radiation onto fast photomultiplier tubes (PMTs). The primary advantages
of the atmospheric Cherenkov technique are high sensitivity, excellent an-
gular resolution and energy resolution, and relatively low energy threshold.
The disadvantages are moderate duty-cycle (∼ 10%) and small field-of-view
(FOV) (∼ 5◦). The Cherenkov telescopes operating today include CAC-
TUS, CANGAROO-III, HESS, MAGIC, PACT, SHALON, STACEE, TAC-
TIC, VERITAS. and Whipple. CACTUS, PACT, and STACEE are exam-
ples of wavefront-sampling telescopes that use an array of mirrors to gather
the Cherenkov radiation, measuring the arrival time and amplitude of the
Cherenkov pulse at many distributed locations on the ground. The other
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Experiment Type Location Altitude Specifications Ref.

CACTUS AC-Sampling USA 640m 144 x 42m2

CANGAROO-III AC-Imaging Australia 165m 4 x 78m2 [185]
HESS AC-Imaging Namibia 1800m 4 x 110m2 [186]

MAGIC AC-Imaging Spain 2250m 1 x 226m2 [187]
PACT AC-Sampling India 1075m 25 x 4.5m2 [188]

SHALON AC-Imaging Kazakhstan 3338m 1 x 11m2 [189]
STACEE AC-Sampling USA 1700m 64 x 37m2 [190]
TACTIC AC-Imaging India 1400m 1 x 9.5m2 [191]
VERITAS AC-Imaging USA 1275m 2 x 110m2 [192]
Whipple AC-Imaging USA 2250m 1 x 78m2 [193]

ARGO-YBJ Air Shower Tibet 4300m 4000m2 [194]
GRAPES-III Air Shower India 2200m 288 x 1m2 [195]

Milagro Air Shower USA 2630m 4800m2 [196]
Tibet Air Shower Tibet 4300m 761 x 0.5m2 [197]

Table 5.1: Currently operating VHE gamma-ray telescopes. The name of each telescope
is given, along with its type (AC=Atmospheric Cherenkov), location, altitude, specifica-
tions, and reference at ICRC05. The specifications list the currently installed detector area
(mirror area for atmospheric Cherenkov and instrumented detector area for air shower).
Adapted from [176]

telescopes are examples of the more established imaging Cherenkov tech-
nique where the Cherenkov radiation is focused onto an imaging camera at
one or more locations on the ground. See Table 5.1 for a summary of the
atmospheric Cherenkov telescopes.

Atmospheric Cherenkov telescopes are typically composed of one or more
individual mirrors. The mirrors commonly have a parabolic or spherical
shape, vary in size from 2 to 10 m in diameter, and are composed of multiple
facets for ease of construction. The requirements on the mirror specifica-
tions are not nearly as severe as large optical telescopes because the angular
structure of the Cherenkov light is relatively coarse (3 arcmin). Larger mir-
rors generally result in lower energy thresholds. With mirror size limited
primarily by cost, energy thresholds have likewise been limited.

The success of the imaging Cherenkov technique has naturally led to a
vigorous discussion regarding future experiments using this technique. A
lower-energy threshold can be achieved either by building single large reflec-
tors or arrays of multiple reflectors. The concept of a very large reflector with
a high-resolution imaging camera is the basis of the MAGIC project whose
original baseline incorporates a 17 m diameter mirror. MAGIC is now in the
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process of an upgrade to the original instrument. The major component of
MAGIC Phase II will be a second 17 m diameter reflector. Other various
improvements should lower the energy threshold of MAGIC and improve its
sensitivity, especially at energies below 100 GeV.

The alternative is to build and deploy multiple telescope units each con-
sisting of a large mirror (e.g. 10m diameter) and imaging camera system.
To avoid the problem of the large costs required an useful approach is to
make use of large mirror facilities that already exist; in particular large solar
mirrors (heliostats) could be used as the primary collector in an atmospheric
Cherenkov telescope [198]. The basic idea is to use secondary mirrors on a
central tower to image the Cherenkov light reflected from the heliostat field
onto photomultiplier tube elements. In the last few years, this technique
was employed by various groups. The CELESTE experiment, located at the
site of the Themis solar plant in the eastern Pyrenees, France [199], uses 40
heliostats comprising a total mirror area of 2100 m2. Actually, CELESTE
is just concluded its operation obtaining interesting results on few sources
at low energy threshold [200]. STACEE is located at the Sandia National
Laboratories in Albuquerque, New Mexico and uses 48 heliostats, compris-
ing a mirror collection area of 1900 m2 [201]. The experiments PACT and
CACTUS also enters in the category of Atmospheric Cherenkov sampling
telescopes. However, Solar towers arrays present a series of technical prob-
lems like, mainly, that of forming a reliable experimental trigger that takes
into account the differen times of arrival of the photon from each different
heliostat. More promising is the technique of array of cherenkov telescopes.
The power of stereoscopic measurements of Cherenkov showers to improve
gamma/hadron separation and energy resolution has been demonstrated by
the HEGRA CT system at energies near 1 TeV [202].

The technical motivations for imaging telescope arrays are clear. The
increased area of multiple reflectors lowers the energy threshold and expands
the dynamic range. A trigger system using information from more than one
mirror effectively eliminates the low-energy background of local penetrating
muons. Simultaneous measurement of the shower parameters by a number
of reflectors constrains the geometry of the shower. This leads to better an-
gular resolution and rejection of cosmic ray background, and to significantly
improved flux sensitivity. Multiple measurements of the Cherenkov wave
front permit better determination of the shower core and the total shower
energy. Good energy resolution is crucial for detailed spectral measurements.
A number of groups are actively developing telescopes with multiple imaging
elements. The VERITAS array will consist of four 12 m diameter imag-
ing atmospheric Cherenkov telescopes, to be deployed at a mountain site
in southern Arizona, USA [192]. Two telescopes have been constructed and
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deployed at the Base Camp of the Whipple Observatory on Mt. Hopkins, Ari-
zona [203]. VERITAS is currently scheduled for full operation in late 2006.
When operational, VERITAS will be an important complement to MAGIC
in the northern hemisphere and to HESS and CANGAROO in the southern.
The HESS project, initially working in mono mode is actually working in
stereo mode with four 12 m telescopes installed. Planning is underway to
construct HESS Phase II [204]; the major component of the upgrade will be
a very large 28 m diamter telescope that will be deployed at the center of the
HESS-I array in Namibia.

5.2.5 Air shower array technique

Some fraction of the charged particles and photons in VHE air showers reach
the ground level and can be detected by Air Shower Telescopes. These tele-
scopes typically consist of charged particle detectors (scintillators or resistive
plate counters) spread out on a grid and often covered by a lead layer to
convert the photons in the shower, or water Cherenkov detectors in which
a large tank of water is viewed by a number of fast PMTs. The primary
advantages of the air shower technique are high duty-cycle and very wide
FOV. Disadvantages are moderate sensitivity, energy resolution and angu-
lar resolution, and relatively high energy threshold. Thus, the two major
ground-based techniques for detecting VHE γ-rays are fully complementary
– both techniques have proven essential in exploring the VHE sky.

After the early pioneering works in 70’s and 80’s the air shower array
technique reached a new phase with the development of a number of new
experiments such as Cygnus, CASA-MIA, Tibet, EAS-TOP, and HEGRA in
90’s. These detectors had typical energy thresholds near or below 100 TeV.
Lower thresholds were achieved by a combination of better instrumentation
and higher altitude operation with the most recent experiments. The air
shower telescopes operating today include ARGO-YBJ, GRAPES-III, Mila-
gro, and Tibet (see Table 5.1).

Milagro-Argo

The motivation for a detector using the air shower technique at the lowest
energies possible is clear. Near 1 TeV, atmospheric Cherenkov telescopes
operate with duty cycles of 10% and with relatively narrow fields of view.
Air shower arrays are wide aperture and high duty cycle instruments, but
conventional air shower arrays with energy thresholds above 10TeV sample
only a small fraction (1%) of the charged particles in EAS. There is a need to
extend the air shower technique down to 1 TeV. The MILAGRO experiment,
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Figure 5.5: Schematic diagram of the Milagro detector

near Los Alamos NM, USA, samples nearly 100% of the air shower particles
(electrons and photons) over its active area [205]. MILAGRO consists of 790
photomultiplier tubes submerged in a covered pond of water. The PMTs de-
tect the Cherenkov light created by the interaction of shower particles with
the water. The tubes are arranged in three layers. The first layer views
the upper 2 m of water to provide a measurement of the time of arrival of
the air shower wave front. The second layer is located at depth of 6.5 and
provides measurement of the total shower energy and hadronic content. A
third layer of optically isolated tubes is located at the bottom of the pond
to provide an estimate of the muon content of the shower. The MILAGRO
detector is fully efficient near TeV with an effective collection area of 5000
m(i.e. the geometric area of the top surface of the pond). MILAGRO will
retain some sensitivity at lower energies, but with lower effective area. The
angular resolution near TeV is about 0.5◦. The sides of the MILAGRO pool
are slanted and the bottom layer for muon detection will have an active area
of 1500 m2. Proton air showers at TeV will produce muon in the detector
for 50% of the events. This enables modest degree of cosmic ray background
rejection. More efficient rejection may come from estimating the hadronic
component of air showers using the middle layer of PMTs. At higher en-
ergies (10 TeV and above) the angular resolution and background rejection
improve substantially. MILAGRO has limited background rejection capa-
bilities near threshold, and for pointed observations of known gamma-ray
sources its sensitivity is poorer than atmospheric Cherenkov telescopes using
the imaging technique. For the discovery of new, relatively bright sources and
for general survey of the overhead sky, MILAGRO has, instead, unique capa-
bilities. Gamma-ray bursts (GRB) are one of the most promising candidate
sources. For hard GRB spectra, MILAGRO should have fluence sensitivity
comparable to BATSE and lower than EGRET. If GRB are distributed in
non-cosmological manner and their spectra continue to very high energies,
they should be detectable by MILAGRO.

As shown in Table 5.1, the ARGO-YBJ experiment is an air shower ar-
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ray deployed at the high altitude site of Yangbajing, Tibet. The experiment
will eventually consist of a large carpet of resistive plate chambers (RPCs)
covering a total area of 6400 m2 [206]. The experiment is still under con-
struction, but a large portion (> 50 %) is already installed and operational.
ARGO-YBJ has already presented early physics results on a variety of topics,
including a sky-survey and a GRB search [207].

A future air shower array using the water Cherenkov technique was also
proposed [208]. The HAWC experiment would consist of a 300 m x 300 m
pond of water that would be instrumented by a large number of PMTs. A key
attribute of HAWC would be its high altitude location (> 4000m elevation)
to permit a substantial lowering of the energy threshold relative to Milagro.
Detector and sensitivity studies are underway to characterize HAWC. The
design of an earlier version of the experiment, called mini-HAWC, that could
utilize the existing 900 PMTs from Milagro, is also being actively pursued.

5.3 Gamma Astronomy observations and

Astrophysical insights

In this section some of the recent observations are discussed with the aim
to illustrate the capabilities of modern gamma detectors and their astro-
physical implication for the understanding of very high-energy acceleration
mechanisms. In particular we focuss the attention on the ground based ob-
servation, from which the latest results come. A brief description of the
EGRET satellite results has been discussed in sec. 5.2.1. In sec. 5.3.1 we
discuss some basic results regarding the Crab nebula, while in sec. 5.3.2 and
5.3.3 are presented some results regarding galactic and extragalactic sources
respectively. Gamma astronomy is now in a situation of flourishing activity
and, as a consequence, the observational status rapidly changes and receives
updates. The most recent report refers to ICRC05 [176] to which we address
the reader, though, in the meanwhile, new results have already come (for
example [209],[210]).

5.3.1 The Crab

The Crab Nebula has played a critical role in the development of very high-
energy gamma astronomy. It was the first gamma-ray point source to be
unambiguously detected by ground-based telescopes. It has now been de-
tected with high significance by almost all the instruments on four different
continents. The VHE flux from the Crab does not appear to vary with time.
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Figure 5.6: The observed energy spectrum from the Crab [174]: A comparison of space
and ground-based results and the synchrotron self-Compton model of de Jager and Harding
[211]

Thus, for northern hemisphere detectors, the Crab is the long sought-after
“standard candle" of astronomy at these energies. As a standard candle, the
Crab has allowed the various atmospheric Cerenkov techniques to be com-
pared and data-analysis methods for the rejection of the cosmic-ray back-
ground and the localization of a source’s position to be refined. The Crab is
an unique object in that it is one of the brightest sources in the sky at most
wavelengths. A supernova explosion in the year 1054 left behind a very bright
radio pulsar and an expanding shell of debris that has traveled approximately
three light years from the center in the 944 years since the explosion. The in-
tense, broad-band (radio to X-ray) synchrotron emission seen from the Crab
is assumed to result from the acceleration of charged particles to relativistic
energies by the pulsar. The slowly expanding supernova shell confines the
wind of charged particles resulting in a filled nebula, or plerion. The Crab is
the brightest plerion in the galaxy. Numerous experiments searched for VHE
emission with mixed, and often contradictory, results until a clear steady sig-
nal was detected in 1989 by the Whipple Observatory [212]. This detection
relied on the use of the imaging Cherenkov technique in which a substantial
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fraction (∼97%) of the hadronic back-ground events were rejected based on
the properties of gamma-ray and cosmic ray air showers. In addition, there
was no evidence for modulation of the signal by the 33 ms pulsar period,
indicating that the emission emanates from the nebula rather than the pul-
sar itself. With this detection, the Crab Nebula became the first true VHE
gamma-ray source.

The VHE flux is much higher than expected from an extrapolation of the
spectrum given by space-based detectors at lower energies. This can be rec-
onciled using the synchrotron self-Compton (SSC) model [211], in which the
VHE emission is produced by the inverse Compton interaction of high en-
ergy electrons primarily with their own synchrotron emission. This produces
a TeV inverse Comptom bump in the spectrum that is a boosted image of
the synchrotron bump (∼10 MeV) seen by the space-based detectors [see Fig.
5.6]. The fit of the data to the model yields the maximum electron energy
in the pulsar magnetosphere (∼23×1015eV), and the nebular magnetic field
(1.63×1024G [213]).

5.3.2 Galactic Sources

Probably, among the latest results, the most striking is the reported HESS
survey of the central region of the Galactic plane [215]. The survey was
carried out in 2004 with the completed four-telescope array, and it covered
a region in Galactic longitude from l = -30◦ to l = 30◦. The coverage in
Galactic latitude was approximately b = ±3◦. HESS used ∼ 230 hrs to carry
out the survey. The average flux sensitivity of the survey was 3% of the Crab
Nebula at energies above 200 GeV. Eleven sources were detected with a post-
trials statistical significance greater than six standard deviations (> 6σ). Of
these sources, only two (Galactic Center and RX J1713) had been reported
previously at very high energies. In addition, HESS reported seven new
sources with a post-trials statistical significance greater than four standard
deviations [214]. Figure 5.7 shows the significance map for the HESS survey.

This survey is actively under study. For example we can gain insight on
the possible acceleration mechanisms in the astrophysical sources. We ex-
pect VHE γ-rays to be produced as a result of extreme non-thermal particle
acceleration. In principle, the observed γ-ray emission can come from non-
thermal bremsstrahlung or inverse-Compton scattering processes involving
relativistic electrons or from the decays of neutral pions produced from the
interactions of protons and nuclei with ambient material. Potential sources
in our Galaxy include pulsars and pulsar wind nebulae (PWN), supernova
remnants (SNRs), microquasars, and regions associated with massive star
formation. A possibility is to correlate the VHE sources detected in the
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Figure 5.7: Significance map of the HESS Galactic plane survey carried out in 2004
[215]. The survey covered 60◦ in Galactic longitude (horizontal axis) and approximately
±3◦ in Galactic latitude (vertical axis). Eleven sources were detected in the survey with a
statistical significance greater than six standard deviations, as labeled in the figure. More
complete results on additional data, including more discovered sources, have been recently
reported [214].

Galactic plane with known objects in order to establish the various source
classes, though HESS group has identified in this way only few sources [214].
Another possibility is the correlation both in energy spectra and spazial dis-
tribution with maps of atomic and molecular constituents, like CO and HI
maps that could indicate possible association with molecular clouds along
the line of sight. This kind of studies confirms that, although there certainly
may be additional point sources that are not yet resolved in the survey, a
significant diffuse of γ contribution is present deriving from interactions of
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cosmic rays with molecular material.
The detection of diffuse emission from the galactic plane has been re-

ported also by Milagro. As an instrument with a wide-FOV, Milagro is well-
suited to making a survey for γ-ray emission over the entire overhead sky and
the search for extended sources is an extension of the general survey. The
observations refer to a three year period of two regions in the Galactic plane:
1) Galactic longitude l = 40◦ to l = 100◦ and 2) Galactic longitude l= 140◦

to l = 200◦ [216; 217]. Both region encompass Galactic latitudes |b| < 5◦. In
the first region (inner Galaxy), a detection of a signal with a statistical sig-
nificance of 4.5 standard deviations is reported, corresponding to an integral
flux of Φ(E > 3.5 TeV) = 6.4±1.4±2.1×10−11 photons cm−2 s−1 sr−1. This
result is consistent with an extrapolation from the 1-30 GeV flux measured
by EGRET to 3.5 TeV using a differential spectral index of approximately
α ∼ 2.6. The observed flux could be due to both unresolved point sources
and true diffuse emission from the Galactic plane. In the second region (outer
Galaxy), however, no evidence for a signal is obtained by Milagro and a limit
on the integral γ-ray flux is obtained Φ(E > 3.5 TeV) < 5.0 × 10−11 pho-
tons cm−2 s−1 sr−1 (99% CL). Figure 5.8 shows the significance map resulting
from the Milagro observations.

Figure 5.8: Significance map of Milagro extended source survey in the Cygnus arm
region [218]. The color scale shows the excess event significance as a function of right
ascension (horizontal axis) and declination (vertical axis). Data are binned in 5.9◦ bins,
so neighboring points are highly correlated. The white boxes indicate ranges of Galactic
coordinates. The red box is 20◦ x 20◦ region around the bin with the greatest significance.
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Implications for Galactic CRs

We have already widely reviewed in the first chapter the actual difficulties
in interpreting the CR data both in the region E < 1014eV and in the UHE
regime. VHE γ-rays, conserving their directional information, are the most
direct probe of extreme, non-thermal astrophysical sources that could be the
production sites of the cosmic rays. The other messengers that could eventu-
ally further clarify the issue are the astrophysical neutrinos, and significant
progresses are expected also in this field in the next years with the planned
km3 telescopes.

Conventional wisdom holds that the bulk of the cosmic rays up to an
energy of 1014 eV are produced in supernova remnants (SNRs) in our Galaxy.
This wisdom comes in part from the issue of energetics – SNRs are perhaps
the only Galactic source with sufficient luminosity to power and replenish
the cosmic rays – and in part from the fact that we see strong evidence in
X-ray data for non-thermal acceleration of particles to TeV energies in SNR
shocks. By 2003, evidence for VHE γ-ray emission from a small number
of SNRs had been presented, but the significances for these detections were
marginal. After ICRC05, strong detections of numerous SNRs were reported
by several instruments, most notably HESS, and it now appears unambiguous
that SNRs are important sources of VHE γ-radiation. A very significant step
forward has been taken towards demonstrating that SNRs are in fact the
primary sites of high-energy cosmic ray production.

The numerous X-ray and VHE γ-ray measurements clearly show that
supernova remnants accelerate particles to energies of 50 TeV and possibly
higher. The question remains what fraction of the energetic particles are
electrons and what fraction are protons and at the moment the two model
remains untangled. The evidence for strong magnetic field amplification in
young SNRs from the observation of steep synchrotron spectra and sharp
features observed in X-rays supports the scenario that electrons could in
principle be the source of the VHE γ-ray emission, but this scenario would
required magnetic fields that are generally not supported by the X-ray data or
the models. Then, despidte the numerous progresses more accurate gamma
data (or, possibly the detection of the neutrino contribution) are required to
clarify the issue.

An intriguing possibility resides also in the possible production of VHE
γ-rays from dark matter in the form of supersymmetric WIMPs through
the neutralino annihilation process. The galactic center, where dark matter
is expected to cluster significantly is a natural candidate to search for DM
emission. Unluckily, just its strong matter density accompanies a strong as-
trophysical emission that form an heavy background for dark matter searches.
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We will return on this issue in the next chapter suggesting an alternative DM
emission search based on the anisotropies expected in extragalactic gamma-
ray background.

5.3.3 Extragalactic Sources

Extragalactic sources have been key components of the observing program
for VHE γ-ray telescopes for many years. In fact, it is fair to say that until
2004, most of the exciting developments in the field came from observations
of extragalactic sources, especially active galactic nuclei (AGN) of the blazar
variety.

Blazars (quasars and BL Lac-
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Figure 5.9: Artist’s conception of the accelera-
tion processes in a blazar [175]. Black hole accre-
tion powers relativistic jets of aterial. In the jets,
electrons or protons are accelerated to high ener-
gies via shocks. High energy γ-rays are produced
from the inverse-Compton scattering of electrons
or from cascades initiated by protons.

ertae, or BL Lac, objects) are
important objects that have strong
and variable emission at most wave-
lengths where they are detected.
Relativistic jets can be seen, or
inferred, in many blazars and the
sources often exhibit optical po-
larization and superluminal mo-
tion. The general model for a
blazar is one involving a super-
massive (106−109 M⊙) black hole
surrounded by an accretion disk.
Matter falling towards the black
hole powers the hot accretion disk
and perpendicular, highly colli-
mated jets. Blazars are thought
to be those AGN whose jets are
aligned towards the direction of
Earth, and the VHE γ-rays are
presumably produced from accel-
eration processes involving pro-
tons and electrons in the jets.
The nature of jets (how they form, their composition, their zones of emis-
sion, etc.) are a key astrophysical puzzle. In particular, a key question is
whether the dominant beam particles are electrons, that produce X-rays via
synchrotron radiation and TeV γ-rays via inverse-Compton processes, or pro-
tons, that produce TeV γ-rays in cascades resulting from the interactions of
protons with ambient radiation fields or material. Previous VHE observations
have established that blazars have strong and highly variable γ-ray emission,
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that their emitted power is dominated by their high-energy emission, that
changes in the TeV emission are often directly correlated with changes in
the X-ray emission, and that the sources generally have power-law spectra
extending out to 10 TeV (with possible curvature at the higher energies).

Other potential extragalactic VHE γ-ray sources include AGN other than
blazars (i.e. radio galaxies such as FR1 and FR2 and radio-quiet spirals such
as Seyferts), gamma-ray bursts (GRBs), galaxy clusters, dwarf galaxies, and
starburst galaxies.

An important consideration for extragalactic observations is the poten-
tial impact on the detected γ-ray flux from interaction with the extragalactic
background light (EBL). The EBL is the total radiation from normal star for-
mation and radiation from dust in the infrared(IR)/optical/ultraviolet(UV)
bands, integrated over the luminosity history of the universe. Gamma rays
in the 50 - 5000 GeV range will interact with EBL photons via the pair-
production process. Since the EBL density is poorly known at the present
time, there is promise that spectral measurements of extragalactic sources at
a number of redshifts could better determine the density and perhaps con-
strain cosmological models that impact on the evolution of the EBL. Possible
absorption effects in the VHE γ-ray spectra from the sources Markarian 421
(Mrk 421), Markarian 501 (Mrk 501), and H 1426+428 have been previously
discussed, but a general interpretation has not yet been established.

The VHE source catalog of extragalactic objects is shown in Table 5.2.
There are currently 11 reasonably well-established sources; ten of these are
blazars and one is the radio galaxy M87. Four the blazars, PKS 2005-489, H
2356-309, 1ES 1218+304, and 1ES 1101-232, were discovered in the last year
and presented at ICRC 2005. Three of these sources are the most distant
objects yet detected at very high energies.

Gamma Ray Bursts

Gamma Ray Bursts (GRBs), discovered serendipitously in the 1960’s, are
among the most fascinating and enigmatic objects in all of high-energy as-
trophysics. By demonstrating that GRBs were isotropic in their arrival dis-
tribution, BATSE, onboard the Compton Gamma Ray Observatory, gave cre-
dence to the idea that GRBs were cosmological in origin. However, the wide
non-uniformity of GRBs, in terms of their fluxes, light curves, and spectra,
have made their characterization difficult. A key breakthrough was achieved
later by the Beppo-SAX satellite which produced accurate GRB positions
and carried out X-ray follow-up observations that enabled multi-wavelength
observations of the afterglow emission from the class of longer (and softer)
GRBs. Redshift measurements of the optical counterparts of GRBs indicate
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Source Type 2003 Sources 2005 Sources Redshift

Starburst Galaxy NGC 253 0.002
Radio Galaxy M87 M87 0.004
Blazar Markarian 421 Markarian 421 0.031

Markarian 501 Markarian 501 0.034
1ES 2344+514 1ES 2344+514 0.044
1ES 1959+650 1ES 1959+650 0.047

PKS 2005-489 0.071
PKS 2155-304 PKS 2155-304 0.116
H 1426+428 H 1426+428 0.129

H 2356-309 0.165
1ES 1218+304 0.182
1ES 1101-232 0.186

Table 5.2: Extragalactic VHE sources [176]. A comparison between the VHE extra-
galactic sources established in 2003 and in 2005. All blazars are of the BL Lac type. The
sources are ordered by their redshift values. There are a total of 11 extragalactic sources
in the current VHE γ-ray catalog.

that the longer ones are indeed cosmological with a typical redshift value of
z ∼ 1. Indeed, it is now realized these GRBs are likely the most energetic
explosions in the universe, with inferred outputs between 1051 to 1054 ergs.
It is now generally accepted that GRBs are a strongly beamed phenomena,
and that when beaming is taken into account their outputs generally cluster
near 1051ergs.

Although a great deal is uncertain about the mechanisms behind GRBs,
a general paradigm regarding the long bursts has emerged that starts with
the explosion of a massive star (collapsar), followed by the rapid formation
of a highly relativistic jet. Particle acceleration is carried out by relativis-
tic shocks in the jet, whereby internal shocks produce the prompt emission
and then, as the jet collides with the surrounding medium, external shocks
produce the afterglow radiation. Many questions regarding GRBs still re-
main unanswered, including whether they produce significant amounts of
very high-energy γ-ray emission. Numerous models predict strong emission
at energies up to hundreds of GeV and beyond, however, so far there has
only been one detection by EGRET of a photon above 10 GeV.

Searches for VHE emission from GRBs or their afterglows have been made
by numerous ground-based instruments. To date, there has been no convinc-
ing evidence for such emission. The main satellite instruments that currently
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detect GRBs are HETE-2, INTEGRAL, and Swift. Launched in November
2004, the Swift GRB mission is detecting an unprecedented number of bursts
with excellent positional information. Ground-based instruments searching
for VHE emission include atmospheric Cherenkov telescopes, air shower ar-
rays, and neutrino telescopes.

Air shower arrays have a high duty cycle and wide FOV that enable
them to observe GRBs during their phase of prompt emission. However, the
current instruments have substantial collection areas above 1 TeV, reducing
the likelihood that they would detect signals from most of the long GRBs
that are at cosmological distances.

Atmospheric Cherenkov telescopes have relatively low energy thresholds
and high sensitivity, but small fields of view. They are thus well suited for
follow-up observations of the afterglows of triggered GRBs. Various groups
like MAGIC and STACEE reported on the observations of satellite triggered
GRB, starting typically few minutes after the alert. No evidence for VHE
γ-ray emission has been reported till now, though these efforts indicate the
significant potential of this new generation of Cherenkov telescopes.
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Chapter 6

The Signature of the Large

Scale Structures on the

very-high energy gamma-ray

sky

I
f the diffuse extragalactic gamma ray emission traces the large scale structures
of the universe peculiar anisotropy patterns are expected in the gamma ray

sky. We use mock N-body catalogues of of large scale structure complemented
with the halo model to predict the statistical features of the expected signatures.
Interestingly, at very high-energy and large angular scales, correlations with local
structures should be prominent. We provide detailed predictions of the signal based
on the PSCz map of the local universe. The results are largely independent from
cosmological details because of the cutoff distance introduced by the absorption of
0.1-10 TeV photons on the infrared/optical background. The chances to unveil the
nature of the sources of the diffuse gamma ray emission and to shed light on the
optical/infrared background is discussed, on the light of present and future space
and ground based observatories.

6.1 Introduction

Gamma ray astronomy is a flourishing field in astroparticle physics as we have
briefly reviewed in previous chapter. At TeV energies, a few dozen sources
have been detected mainly by air Cherenkov experiments, most of which are
high energy counterparts of MeV-GeV sources in the EGRET catalog. The
0.1–10 TeV range represents one of the “last” photonic windows yet to be
explored at large distances. Starting from an energy of about 100 GeV (which
we shall refer to as very-high energy, VHE), the absorption of high energy
photons onto the extragalactic background light (EBL) via pair-production
introduces an energy-loss horizon of the order of a few hundreds Mpc or
smaller, well below the size of the observable Universe. This horizon drops
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down to ∼10 kpc at PeV energies, basically precluding deep space astronomy
with photons above about 10 TeV. Far from being only a limitation, this
phenomenon also allows the use of γ-ray astronomy to probe the EBL, which
is otherwise difficult to study directly.

Besides single sources, wide field of view instruments and satellite-based
observations are sensitive to diffuse γ-ray emissions. A particularly interest-
ing emission is the extragalactic diffuse γ-ray background (in the following,
cosmic gamma background, or CGB). The CGB is a superposition of all
unresolved sources emitting γ-rays in the Universe and provides an interest-
ing signature of energetic phenomena over cosmological time-scales. While
a clear detection of this background has been reported by the EGRET mis-
sion [178], its origin is still uncertain, despite the fact that many models
have been proposed. The most likely contribution is the one from unre-
solved blazars, i.e. beamed population of active galactic nuclei [219], with
(probably sub-leading) components from ordinary galaxies [220], clusters of
galaxies [221], and gamma ray bursts [222]. However, exotic possibilities
like dark matter annihilation have been proposed, that are compatible with
existing data and constraints [223; 224; 225; 226]. It is extremely difficult
to test such models as long as the only observable is the energy spectrum.
Recently, it was proposed to use the peculiar small-scale anisotropy encoded
in the MeV-GeV gamma sky to probe dark matter [227] or astrophysical
[228; 229] contributions to the CGB. In this work, we further study this
topic, with particular emphasis on the large scale anisotropy in the energy
range 0.1-10 TeV. The lower part of this range will be probed by the GLAST
telescope [230; 231], while the energy window above the TeV is in princi-
ple accessible to EAS detectors. Different candidates to explain the CGB
predict distinctive large scale features, even when similar energy spectra are
expected. This is a consequence of the combined effect of a cutoff distance
after which VHE γ can travel undamped to us, and of the anisotropic dis-
tribution of matter in the local universe (i.e., within a few hundred Mpc
from us). A similar anisotropy pattern in the the ultra-high energy cosmic
ray sky has been analyzed in chapter 3. The main goal of this chapter is to
characterize various features of the CGB which may be used for diagnostics
at VHE. In particular, the energy dependence and angular power spectra
are analyzed in detail vs. energy for two typical diffuse background mod-
els in which underlying gamma emitters correlate linearly with large scale
structures (as possibly for unresolved astrophysical sources) and quadrati-
cally with the cosmic structures density anisotropies (like in the case of dark
matter annihilation emission or a strongly biased astrophysical population of
sources).

The paper is structured as follows. The parametrization we use for the
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CGB, based on EGRET data, is summarized in Sec. 6.2. In Sec. 6.4 we
introduce our treatment of cosmic large scale structures: a mock catalogue
derived from a dark matter N-body simulation and the 3D power spectrum
derived from the Halo Model of non-linear clustering [232; 233; 234; 245],
. With these tools, we shall argue that in the VHE range, especially at
the largest angular scales, the predictions mostly depend on the large scale
structure in the local neighborhood of the Universe. We shall then use the
PSCz astronomical catalogue as tracer of the real structures in the nearby
universe, thus producing maps of the VHE gamma sky (Sec. 6.5). In Section
6.6 we analyze the prospects for detection of these features of the forthcoming
satellite GLAST, and for EAS observatories like MILAGRO. In Sec. 6.7 we
summarize our findings, and conclude. In Sec. 6.3 we provide some details
on the parametrization of the EBL, and on the method we use to propagate
of gamma rays to calculate attenuation effects. Appendix 6.8 reviews some
statistical properties of a discrete poisson process on the sphere, relevant for
our estimates of the errors of the multipole maps.

6.2 The cosmic gamma background

Experimentally, the CGB is the most difficult component of the diffuse emis-
sion to study. Indeed, it is not correct to assume that the isotropic com-
ponent after extracting point-like sources plus the galactic diffuse emission
is entirely extragalactic: even in the pole direction, the CGB is compara-
ble to the Galactic contribution. The deduced CGB thus depends on the
adopted model of the Galactic background. The analysis undertaken to de-
rive the spectrum of the CGB based on EGRET data provided the intensity
spectrum [178]

I(Eγ) = k0

(

E

0.451GeV

)−2.10±0.03

(6.1)

valid from E ∼ 10 MeV to E ∼ 100 GeV, where k0 = (7.32 ± 0.34) ×
10−6cm−2s−1sr−1GeV−1. Interestingly, it shows a spectral index remarkably
close to the average one of γ-ray blazars detected by EGRET, −2.1 ± 0.3
[235]. EGRET experimental points and the best fit curve are shown in Fig.
6.1.

It is worthwhile to comment that the foreground subtraction remains
a delicate issue, as can be appreciated by the reanalysis of the data per-
formed in [236], based on a revised model for the galactic propagation of
cosmic rays. The deduced extragalactic spectrum is significantly lowered
with respect to Eq. (6.1) at intermediate energies, while closer to the origi-
nal result of Eq. (6.1) at the lowest and highest energy points. Since the
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removal of the isotropic galactic emission from the diffuse gamma back-
ground is an open problem, and we still lack a complete understanding of
the sources of the CGB, we shall simply base our following analysis on the
extrapolation of the spectrum of Eq. (6.1) by one to two orders of magni-
tude. Actually, the anisotropy pattern in the CGB sky itself may help in
the foreground removal. Recently, it was proposed to use the cosmological
Compton-Getting effect (whose dipole direction and amplitude are basically
energy-independent) to discriminate the truly extragalactic fraction from the
galactic foreground [237].

When extrapolating the EGRET flux to higher energy attenuation ef-
fects must be taken into account. It is well known that the propagation of
photons in the extragalactic background light (EBL) is a crucial issue for
gamma astronomy in the VHE range. Absorption of VHE photons through
pair-production on CMB or infrared/optical photons distorts an initial source
spectrum, in particular by steepening its high energy tail. Astronomy of
gamma ray emitters like blazars and active galaxies requires then an ac-
curate modelling of photon propagation and of the background frequency
distribution. In the next section we provide a detailed description of the
model of the EBL used, and on the treatment of absorption effects. For an
overview of the knowledge of the EBL we refer the reader to the review [238].
The expression for the flux intensity in a generic cosmology is given by (see
e.g. [239])

I(Eγ, n̂) ∝
∫ ∞

0

dz
ρα(z, n̂) g[Eγ(1 + z)] e−τ(Eγ ,z)

H(z) (1 + z)3
, (6.2)

where we assumed an universal spectrum for the source, g(E), Eγ is the
energy we observe today, ρ(z, n̂) is the density of sources in the direction n̂
at the redshift z, and the Hubble function is written in terms of the present
value of the Hubble constant H0 and of the matter and cosmological constant
energy densities as H(z) ≡ H0

√

ΩM(1 + z)3 + ΩΛ. The quantity τ(Eγ, z) is
the optical depth of photons to absorptions via pair production on the EBL
(see appendix 6.3). For most of the following considerations the normaliza-
tion in the spectrum is irrelevant. Wherever needed (e.g. to estimate the
statistics which can be collected by a given experiment) we shall fix the nor-
malization of Eq. (6.2) so that it matches the EGRET fit of Eq. (6.1) at 10
GeV.

For most of what follows it is important to realize that, by looking at
VHE, most of the dependence on the cosmology, the source evolution, etc. in
Eq. (6.2) cancel out, independently of the index of correlation with density,
because of the cutoff at z ≪ 1 existing for VHE gammas. This important
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Figure 6.1: EGRET spectrum from [178] and extrapolation up to 10 TeV. The dashed
line shows the expected effect of the pair-production attenuation.

property dramatically reduces the model-dependence of the following consid-
erations, differently e.g. from the scenario considered in [227].

It is also worth commenting that the γ-rays of the CGB constitute only
a tiny fraction, fγ, of the cosmic ray flux. When compared with the flux
of cosmic rays around the TeV (ICR = 2.582 × 10−8(E/TeV)−2.7 [240]) and
neglecting gamma attenuation effects one gets the upper limit

fγ ≡ Iγ

ICR

<∼ 2.7 × 10−5

(

E

TeV

)0.6

. (6.3)

Actually, the attenuation of γ’s on the EGB cuts the growth of fγ, which
never exceeds 10−5. Note finally that our extrapolation is consistent with
existing observational bounds on fγ at the TeV scale [240].

6.3 Gamma Propagation

Here we report some details on the models used for the extragalactic back-
ground light, and on the technique to account for absorption effects in the
propagation of photons. The main component of the EBL is the microwave
background, which is well known to obey a black-body spectrum

nCMB(ǫ) =
1

π2 (~c)3

ǫ2

exp (ǫ/T 0
CMB) − 1

(6.4)
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Figure 6.2: Critical optical depth τ = 1 in function of γ-ray energy and redshift. The
low CIB case (dashed line) corresponds to Eq. (6.5), while the high CIB case corresponds
to twice that value.

where T 0
CMB = 2.73 K=2.35×10−4eV is its present temperature. For the

Infrared/Optical Background (CIB), which is the main source of gamma
absorption, we use the simple parametrization

nCIB(ǫ) =







5.42×1011eV−1cm−3 ǫ3.4

exp(ǫ/TF )−1
λ ∈ 200 ÷ 2000µm,

7.4×10−4eV−1cm−3ǫ−2.295 λ ∈ 6.0 ÷ 200 µm,

7×10−3eV−1cm−3 e−ǫ

ǫ
λ < 6.0 µm,

(6.5)
where TF = 13.6 K; and the λ − ǫ conversion factor is given by λ(µm) =
1.24/ǫ(eV). This is a conservative estimate of the CIB consistent with data
and constraints reported in [238].

The time evolution of the backgrounds is obtained simply by redshifting,
so that:

n(ǫ, z) = (1 + z)2n0

[

ǫ

1 + z

]

. (6.6)

This result is exact for the CMB that can is a truly primordial background,
while for CIB one should in principle perform a simulation of the star forma-
tion and dust clustering that produced this background in the recent past.
However accurate modelling of this process suggests that most of the back-
ground formed in a burst at z ≃ 4 − 5 near the peak of star formation rate
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so that for our purposes (propagation till z ≃ 0.2) simple redshifting is quite
accurate [238].

In principle, the interaction of high energy photons with the EBL is a
complex process in which the e−e+ created through pair production interact
again with background photons via inverse Compton scattering producing
new high energy γ’s. We have developed our own code for calculating the
evolution of gamma cascades, along the lines of Ref. [259] (which we address
to for the details, including the general formalism of cascade propagation).
Fortunately, we find that the complicated regime where the cascade of high
energy e+, e−, and γ has to be followed in details for calculating the final
energy distribution is only attained for energies > 1015 eV. In the TeV range
relevant for gamma astronomy the development of the shower via secondary
particle dynamics can be safely neglected, and the observed flux can be calcu-
lated simply considering an energy-dependent depletion factor for the spec-
trum in addition to the effect of the redshift. Thus, if the spectrum at the
source is of the form g(E), the observed spectral shape of the signal will be

g(Eγ) ∝ g[Eγ(1 + z)]P(Eγ , z), (6.7)

where Eγ is the energy we observe today and P(Eγ, z) is the probability for
a photon emitted at redshift z to survive without interacting till now, when
it reaches us with energy Eγ. This probability is written as

P(Eγ, z) ≡ e−τ(Eγ ,z), (6.8)

where the optical depth τ is

τ(Eγ, z) ≡
∫ z

0

dz′
c

(1 + z′)H(z′)

∫

dǫ n(ǫ, z′)

∫

dµ
1 − µ

2
σPP(Eγ(1 + z′), ǫ, µ),

(6.9)
that is the rate of pair production of photons on the EBL integrated over the
time while propagating from redshift z to 0. The function σPP(E, ǫ, µ) is the
theoretically and experimentally well-known pair production cross section of
a photon of energy E impinging over a background photon of energy ǫ with
a cosinus of the impact angle given by µ. In Fig. 6.2 we show the derived
critical τ(Eγ, z) = 1 contour that represents the gamma redshift horizon as
a function of the energy. We find a satisfactory agreement of the function τ
we computed with more detailed studies including the CIB distribution and
evolution from simulations of star and galaxy formation [260].
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6.4 Tracers of the large scale structure

Since the sources of the CGB are unknown (this is especially true for its
high energy component of interest here) to predict the anisotropy pattern in
the VHE sky we must start from some assumption on the distribution of the
sources. In the following, we shall assume that the sources of the CGB follow
the LSS distribution of the matter. Starting from Eq. (6.2), the integral flux
above the energy Ecut at Earth is simply written as

F (Ecut, n̂) ∝
∫ ∞

0

dz
ρα(z, n̂)

H(z) (1 + z)3
W (Ecut, z) , (6.10)

where we have defined the window function

W (Ecut, z) ≡
∫ ∞

Ecut

dE g[E(1 + z)] e−τ(Eγ ,z). (6.11)

In the limit where the effective cutoff zc ≪ 1, the integrals become almost
independent on the cosmology, and the previous expressions simplify consid-
erably into

W (Ecut, z) ≃
∫ ∞

Ecut

dE g(E) e−τ(Eγ ,z) (6.12)

F (Ecut, n̂) ∝
∫

dz ρα(z, n̂) W (Ecut, z) , (6.13)

where z is directly proportional to the distance, r ≃ c z/H0. In particular
we shall assume in the following the power-law g(E) ∝ E−2.1, which on the
theoretical side is consistent with a Fermi-shock acceleration mechanism, and
observationally matches both the average spectral index of blazar and the
spectra of the CGB measured by EGRET, see Eq. (6.1). In the next section,
we shall motivate quantitatively that only objects within a few hundred Mpc
contribute significantly to the anisotropy pattern in the VHE sky, especially
at the large angular scales most relevant for observations. This will allow us
to use an astronomical catalogue of objects to predict the pattern in the sky
to look for, going beyond the level of statistical predictions only.

N-Body Simulations – Our primary tool to compute the statistical
properties of the matter density distribution is a N-body catalogue. This of-
fers the advantage compared to observations of being virtually free of most of
the bias affecting astronomical catalogues (no extinction regions, no selection
effects, no galaxy morphology and color bias, etc). On the other hand, to ob-
tain reliable results one should carefully consider the types of bias introduced
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by the simulation, like the algorithm used, the minimum scale resolved, and
the physical content and processes treated in the numerical experiment.

We have performed a set of pure dark matter N-body simulations with
a standard ΛCDM universe, a periodic box size of 800 Mpc h−1, and resolu-
tions of 5123 and 7683 particles using the GADGET2 code [241; 242]. The
initial conditions were computed using second order Lagrangian perturba-
tion theory [243]. Placing the observer at an arbitrary point in the box,
we have computed the density on logaritmically spaced spherical shells. A
smoothed density field ρ(z, n̂) is reconstructed with an adaptive algorithm
whose smoothing length varies depending on the local number density of dark
matter particles. After obtaining the window functions for different energy
cuts and different models of the CIB, the sky map of the integral gamma
ray flux above the cut is calculated by integration along radial lines of sight,
both considering a source density proportional to ρ or ρ2. We have checked
that the resolution used in the simulation is sufficient to suppress shot noise
from undersampling and other numerical artifacts, by comparing the power
spectrum extracted at different resolutions. The resulting maps F (Ecut, n̂)
are obtained on a Healpix grid, facilitating the use of standard tools from
CMB physics to compute the final power spectrum and multipole coefficients
Cl [244].

Halo Model – In order to check the results of the N-body simulations,
we compared the Cl’s obtained in the case of linear correlations with the
predictions of the Halo model [232; 233; 234]. This model is known to provide
a fast and efficient semi-analytical recipe for describing the LSS clustering
and of its evolution. Comprehensive reviews of the model can be found
in [245; 246]. Basically, starting from the 3D power spectra P (k) provided
by the model, where k is the wavenumber, the observable angular power
spectrum of the gamma sky is obtained by a weighted projection along the
line of sight, where the window function of Eq. (6.11) is used as weight. In
the Limber approximation the angular power spectrum simply reads

Cl =
1

N2
w

∫

dr

r2
W 2(Ecut, r) P

(

k =
l

r
, r

)

(6.14)

where the factor Nw =
∫

dr W (Ecut, r) represents then the contribution from
the mean intensity 〈F (Ecut)〉, where an additional dependence from the dis-
tance r is added in P (k, r) to take into account redshift evolution. The
Cl’s can be interpreted as the angular power spectrum of the adimensional
gamma intensity emission [F (Ecut, n̂) − 〈F (Ecut)〉] /〈F (Ecut)〉, provided that
we retain the normalization W (Ecut, 0) = 1 and calibrate P (k, r) to the value
given by galaxy survey or N-body simulations.

Results
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Figure 6.3: Analytical linear (a) and N-body linear (b) and quadratic (c) angular spectra
for energy cut Ecut = 2, 3, 5, 10 TeV.

A comparison of Halo Model spectra with the ones obtained for various
energy cuts from the N-body catalogue is shown in in the two top panels in
Fig. 6.3. We see that the agreement is generally good, apart discrepancies at
very low and large l, which are due to the the break of validity of the Limber
approximation and/or to the inadequacy of the Halo Model for predictions
on very large scales . In the lower panel, we present the angular spectrum
for the hypothesis of a quadratic correlation with density. Both in the linear
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Figure 6.4: Integrand contributions (linear in log r) for the multipoles l =
10, 100, 500, 1000 (respectively, black, red, blue, green) and Ecut = 100 GeV, 5 TeV. Nor-
malization is arbitrary.

and quadratic case, the two most interesting features are the presence of a
peak (deriving from the peak of the 3D power spectrum) and of growing
normalization of the anisotropies with growing energy cut. At relatively
large scales, the anisotropies are contributed by the near structures, which
are therefore poorly affected by the shrinking of the pair-production energy
loss horizon. The isotropic or small-scale varying component of the flux has
instead a significant contribution from far objects, which are cutted away
at high energies. The main difference between the linear and the quadratic
cases is clearly in the normalization of the spectrum. In the latter scenario the
intensity of the anisotropies is enhanced, due to the effect of the clumpiness.
Also, note a difference in the shape and position of the peak in the spectrum
in practice, the sensitivity to the square of the density restricts further the
effective horizon for gammas with an effect similar to the increasing of the
energy cut.

We turn now to study how shells at different distances r contribute to
the various multipoles. Using the predictions of the halo model, in Fig. 6.4
we plot the integrand r−2 W 2(Ecut, r) P (k = l/r) vs. r for the two energy
cuts Ecut =100 GeV, 5 TeV and for different l. Note that even for Ecut =
100 GeV, the Cl’s at l = 10 − 100 mostly depend from the contribution of
structures within a radius of ≃ 600 Mpc so that the finite size of the N-body
simulation box does not affect our conclusions, and we can use it to confirm
this expectation. Even more interestingly, the dominant contribution to the
first multipoles at l = 1 − 10 comes from within a distance of only ∼ 300
Mpc. Within such distances astronomical catalogues with a large field of
view exist, providing the actual distribution of matter in the universe, and
not only a statistical information on the density field. Thus, one may aim
at the study of the pattern of the first few multipoles alm’s or, equivalently,
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Figure 6.5: 100 GeV angular spectra when the N-body catalogue is used only until a
maximum distance R as function of R. Shown are the linear (top) and quadratic (bottom)
density correlation case.

of the anisotropy map smoothed to the appropriate resolution. This point
is further illustrated with the help of the N-body simulation. In Fig. 6.5
we plot the cumulative contribution to the Cl’s in function of the maximum
distance used in the catalogue, i.e. derived from Eq. (6.13) when cutting the
integral defining F (Ecut, n̂) to a distance R. The linear and quadratic cases
are shown, assuming Ecut=100 GeV (at higher energies, the effect is even
more pronounced). Indeed, the simulation confirms that the convergence to
the asymptotic value is faster at low l’s than at the higher ones. Effectively,
for l <∼ 10 − 20 one can look for correlations between the gamma sky and
known structures in the local large scale structures.

6.5 Sky maps

In the recent years, modern galaxies surveys like the Sloan Digital Sky Sur-
vey [143; 144] have greatly improved our knowledge of the distribution of
galaxies at large scales, revealing a typical foam-like pattern of “filaments
and walls" of galaxies around large cosmological voids. These very high
quality data are not well suited for our analysis due to the tiny fraction of
sky surveyed, while we need to perform comparisons with the large sky field
of view of GLAST and of EAS instruments. In this respect, a fair compromise
is offered by the IRAS PSCz catalogue [140].

The PSCz catalogue contains about 15,000 galaxies and related spectro-
scopic redshifts with a well understood completeness function out to z ∼ 0.1.
In the limit of uniform emission, above E = 100 GeV the majority of the
CGB flux is expected to come from within this distance. The sky coverage of
the catalogue is about 84%; the incompleteness is mainly due to the so called
zone of avoidance centered on the galactic plane and caused by the galactic
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Figure 6.6: Equatorial sky maps for the linear (left) and quadratic (right) density corre-
lation and for Ecut = 100 GeV and 1 TeV. The color scale is linear. The maps represents
the gamma contribution only until z=0.1 (the PSCz contribution). The normalization is
arbitrary but consistent among the various maps; the global minimum outside the mask
is set to 1 in each plot.

extinction and to a few, narrow stripes which were not observed with enough
sensitivity by the IRAS satellite. These regions are excluded from our analy-
sis with the use of the binary mask available with the PSCz catalogue itself.
However, the mask region does not represent a major limitation for present
analysis, since the galactic emission at low galactic latitudes outshines the
CGB anyway, prohibiting any CGB analysis in this region.

We closely follow Ref. [166] for the treatment of the selection effects of
the catalogue, parameterized via the selection function φ(z). Differently from
Ref. [166], we do not sum source by source to obtain the final gamma sky
map; instead, we use the approach of constructing a smoothed density field
ρ(z, n̂) through the same adaptive algorithm we employed in the analysis of
the N-body simulation. This method has the advantage of efficiently sup-
pressing the intrinsic catalogue shot noise at high redshifts allowing us to
use the catalogue sources until z = 0.1 ≃ 300 Mpc h−1. Given the low red-
shift, we can safely use Eqs. (6.12, 6.13), with the only caveat of replacing
W (Ecut, z) → W (Ecut, z)/φ(z), to take into account selection effects. To
study the sensitivity to the bias of the gamma sources with respect to the
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baryonic density, we shall consider both values α = 1 and α = 2, i.e. a
linear and quadratic correlations. The latter is in particular expected for
dark-matter annihilation models [247; 248; 249; 250; 224; 251]

In Fig. 6.6 we plot the resulting maps from the PSCz catalogue in equa-
torial coordinates for the linear and quadratic density correlation and for
Ecut = 100 GeV and 1 TeV. Let’s discuss first the linear case. For the case of
the map with Ecut = 100 GeV, modulo the “hole" due to the mask the pattern
is quite isotropic, with some hot spots like e.g. from the Virgo and Perseus
Clusters. Other structures which appear are the Shapley concentration and
the Columba cluster (for a key of the local cosmological structures see [166]
or [252]). The intensity of anisotropies is of the order of % (see next). Given
the limited statistics of GLAST at high energies, the TeV map is only of
interest for the EAS gamma detectors like MILAGRO. We see in this case
that the nearest structures, forming the Super-galactic Plane, dominate. Of
course, from the Northern emisphere (where all the present or planned EAS
instruments are located) only the upper part of the map is visible. Here, the
Virgo Cluster and the Perseus cluster offer the strongest anisotropy, greater
than 10%(see next).

For the quadratic case the change in quite evident: the effect of the
quadratic correlation, as already observed for the power spectra, is to give
more power to the nearest structures (the Virgo and Centaurus cluster) that,
in fact, are almost dominating the map. It is instructive to look at the case
of Shapley concentration at z ≃ 0.04 that gives an important contribution in
all the linear cases but that almost disappears in the quadratic maps. The
anisotropy in the quadratic case is quite pronounced (100%, as it is clear
from the scale near the map) and should be easily detectable. Provided that
the dark matter is responsible for a relevant fraction of the CGB (see e.g.
[225; 226]), this is an important signature for indirect dark matter searches.

6.6 The potential of forthcoming instruments

In order to estimate the chances of detection of the structures previously
described by the current or next generation of instruments, one may proceed
as follows. First, given the specifics of an experiment (in particular its field
of view, effective area and background rejection capability) one calculates
the expected number of events and of misidentified cosmic ray background
events (Nγ, NCR) under different assumptions for the Ecut and the EBL. The
events falling in the mask region must be subtracted from the (Nγ, NCR)
data used for the analysis, so that the incomplete sky coverage is taken into
account. One then generates N samples of Nγ events from the VHE γ map
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and NCR from an isotropic one. These N realizations may then be used to
perform quantitative statements, like for example the confidence level with
which a given instrument is expected to distinguish between the structured
sky we predict and an isotropic one, or between linear and quadratic corre-
lation scenarios, or between scenarios characterized by a different model of
CIB. This would be essentially the generalization of the approach followed in
[166]. Here, however, for the sake of clarity we prefer to develop a simplified
analysis in terms of the multipole coefficients, alm, with an analytic estimate
of the expected errors due to shot noise effects (see Appendix 6.8). Perform-
ing full Monte Carlo analyses for a few relevant cases we checked that the
errors thus estimated basically agree with the ones correctly calculated. In
this approach, first we fit the sky maps obtained outside the mask via the
harmonic expansion

F10(Ecut, n̂) =
lmax=10
∑

lm

almYlm(n̂). (6.15)

As a second step, by knowing the statistics and the characteristics of the
detector one can estimate the expected errors on the alm and eventually on
the derived coefficients Cl’s (see Appendix 6.8 for details).

We limit the fit to l ≤ lmax = 10 for several reasons: (i) we have shown
that the large scales are mainly sensitive to the local universe, for which our
predictions are robust and deterministic; (ii) the lower the l, the higher the
signal to noise ratio is, which increases the chances of detection (see below);
(iii) the incomplete sky coverage due to the mask is affecting our results, and
should be taken into account; however, as long as we restrict the analysis
to the large structures (compared with the size of the mask cut) the bias is
small. Quantitatively, the method is robust against variations in lmax as long
as the related angular scale ϑmin = π/lmax is greater than the typical angular
extension of the mask cut. More important, the purpose of the harmonic
analysis is to reliably assess the sensitivity of a given experiment; to this aim
a small bias in the alm’s is acceptable (we do not want to estimate the true
alm’s, but the detectability of them, even if the biased ones). Of course, in
the analysis of the real data it will be preferable to directly look for cross
correlations with the full maps like the ones in Fig. 6.6, whose electronic
version is available from the authors upon request.

In the following, we shall consider two kinds of instruments: Satellite-
based missions, and in particular GLAST [253], and extensive air shower
experiments like TIBET [254], ARGO [206], MILAGRO [255], or planned
observatories like HAWC [208]. Unfortunately, ACT instruments like HESS
or MAGIC are not well suited for such kind of searches, given the small field
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Experiment Aeff (cm2) Ωfov (sr) DC gcut hcut range

GLAST[253] 104 2.4 ∼90% ∼1 ∼.06 fγ E <∼ 0.5-1 TeV
MILAGRO[255] >∼ 107 ∼ 2 > 90% 0.5 0.08 E ∼1–20 TeV

HAWC[208] ∼ 108.5 ∼2 > 90% 0.5 0.08 E ∼0.3–10 TeV

Table 6.1: The characteristics of the experiments considered in our estimates. The
fraction of the sky observable by a given experiment fsky is needed for our estimate of the
errors, see Appendix 6.8.

of view, the low duty cycle, and the relatively high impact of the variability
of the instrumental and atmospheric conditions on the rate of diffuse signals.

Denoting by I(Eγ) the extrapolated EGRET flux which accounts for at-
tenuations (see section 6.2), one can estimate the number of events, Nγ,
above the energy Eγ to be collected in the time t as

Nγ = t · gcut · DC · Ωfov · fm ·
∫ ∞

Eγ

dE Aeff(E)Iγ(E) , (6.16)

where: DC is the duty-cycle of the instrument; Ωfov is the solid angle of the
field of view; fm < 1 is the useful fraction of the sky due to the presence of
the galactic mask; gcut is the fraction of γ’s passing the actual cuts; Aeff(E) is
the effective collecting area of the instrument (averaged over the field of view
of the instrument). In the following, we shall assume fm = 0.84 due to the
mask in the PSCz catalogue, but the actual value may differ. The previous
formula assumes a quasi-isotropic γ sky. This assumption may be violated
to some extent at the multi-TeV energies of interest for EAS detectors. Even
in this case, right ascension anisotropies would not affect the estimate, and
only large latitude anisotropies might affect Nγ by a factor of O(1). This
is acceptable enough since we shall only perform a parametric study of the
performances of an EAS observatory. Analogously, the CR background can
be estimated as

NCR = t · hcut · DC · Ωfov · fm

∫ ∞

Eγ

dE Aeff(E)ICR(E), (6.17)

with clear meaning of the symbols. Note that we consider the same area for
CRs as for γ’s, although a differential performance of the instrument may be
taken into account by properly rescaling the factor hcut. The typical parame-
ters we shall use are taken from existing literature, and reported in Tab. 6.1.
Note that GLAST is expected to have an excellent background identification,
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so that only cosmic rays in the amount of ∼ 6% of the gamma flux pass the
cuts. On the other hand, EAS experiments have a poor rejection capabil-
ity (some of them like TIBET [254] have none), which increases typically
the gamma content of the diffuse flux by no more than one order of mag-
nitude. Therefore one should keep in mind that even after gamma/hadron
separation, the anisotropies of the gamma sky have to be identified against
a quasi-isotropic background which is >∼ 104 larger than the gamma flux.

Figure 6.7: The coefficients alm up to lmax = 10 calculated from the PSCz gamma maps
of Fig. 6.6. The shaded band shows the 1-σ shot noise error given by Eq. (6.23); in the
right panel the inner shaded region refers to HAWC, the outer one to MILAGRO. We
report the predictions for both the linear and quadratic cases.

In Fig. 6.7 we report the coefficients alm’s up to lmax = 10 calculated from
the PSCz gamma maps of Fig.6.6, with the errors estimated according to
what reported in Appendix 6.8. The GLAST mission is expected to last 5+5
years (so we plot a realistic 4 years exposure), while EAS instruments have
longer run times, so we plot the expectations for a decade of collecting time
by MILAGRO, or by the proposed project HAWC. GLAST should be able to
detect some structures above 100 GeV at the 2σ level, even if the correlation
with matter density is only linear. For a quadratic correlation one expects
a more robust detection, and possibly even hints for anisotropies at higher
energies∗. On the contrary, instruments like MILAGRO may find hints of
structures (at the 1 σ level, see gray band in the right panel of Fig. 6.7) only
if correlations are quadratic or in any case strongly biased with overdensities.
As a technical remark, note that the performances of MILAGRO above the
TeV were estimated by using an effective area Aeff(Eγ) ≃ 107.1 cm2 (see e.g.

∗Our estimate does not include the fraction of the CGB measured by EGRET which
may be resolved by GLAST. If this is removed, our predictions should be rescaled accord-
ingly.
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Figure 6.8: The coefficients Cl up to lmax = 10 calculated from the PSCz gamma maps
of Fig. 6.6. We shown the level of shot noise [see Eq. (6.22)] expected from four years
of GLAST and one decade of HAWC. We report the predictions for both the linear and
quadratic cases.

[208]). A proper treatment should take into account the energy-dependence
of the area, and calculate the expected sky maps for MILAGRO weighting
accordingly the integral maps. Given the limited chances of this instrument
to detect the features we have described, we consider this simple estimate
sufficient to illustrate our point. It is worth to stress that for an EAS detector
the error on the alm’s scales as

√
NCR/Nγ. Therefore the reduction of the

shot-noise error goes like (t · Aeff)−1/2 (both NCR and Nγ grow linearly with
t · Aeff), or equivalently as

√
hcut/gcut: improving the exposure is equally

important as improving the gamma/hadron separation capability. A simple
inspection of Fig. 6.7 reveals that for a realistic detection of the features
in the VHE sky one would need the improvement in effective area planned
to be reached by instruments like HAWC [208] (see inner green band in
the right panel of Fig. 6.7). An instrument like ARGO [206] is expected
to have performances in between MILAGRO and HAWC, and may have
some chance especially if a significant improvement comes with respect to the
hadron rejection. Also, note that due to their altitude HAWC and ARGO
have a significant acceptance of sub-TeV events. While the gamma/hadron
separation is less efficient at lower energies, the higher statistics may help in
revealing these structures.

In Fig. 6.8 we plot the expectations for GLAST and HAWC in terms of
the Cl coefficients. At the large scales we are focusing on cosmic variance
makes any detection of the Cl’s challenging even when the corresponding
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alm’s are easily detectable. This proves the importance of the deterministic
nature of the expected anisotropies in the flux: for comparison, despite the
larger statistics available at lower energies, the detection of the Cl’s at low l
studied in [227] is precluded by the cosmic variance.

Since our predictions are shaped by the nearby universe, for a fixed back-
ground the absolute value of the detected anisotropy in principle measures
the index of the correlation of gamma sources with respect to the matter,
as clearly shown by the comparison of the top and lower panels in both
Fig. 6.7 and Fig. 6.8. On the other hand, a partial degeneracy exists with
the intensity of the infrared background. However, both the study of single
sources and of the energy spectrum of the CGB should pin down the remain-
ing uncertainty on this quantity, and the corresponding degeneracy should
eventually be broken.

Finally, let’s note that these estimates are somewhat conservative: sum-
ming the power at different l’s may favor the detection (see e.g. [229]), and
cross-correlating directly with the maps would eventually exploit all the infor-
mation. Therefore, once the data on the CGB become available, reassessing
the detection issue with a detailed study will be mandatory.

6.7 Summary and Conclusions

The universe is pervaded by diffuse backgrounds of low-energy photons, of
cosmological origin like the CMB or due to stellar activity, like the optical and
infrared background (CIB). This extragalactic background light makes the
universe opaque to energetic γ’s. The most energetic part of the gamma-ray
background (CGB) is thus of primary importance for high energy astropar-
ticle physics, since it acts as a “cosmic calorimeter". Besides telling us about
the integrated history of the most powerful astrophysical accelerators of the
universe, it may constrain non-standard physics taking place at high energy,
even much higher than the GeV-TeV scale. As an example, we remind that
the most stringent limits on the decays of superheavy particles coupled at
the tree-level only to neutrinos come from the observed diffuse extragalactic
γ-ray flux [258].

In this work we have studied the anisotropy pattern of the CGB in the
very-high energy regime, beyond about 100 GeV. Due to the onset of the
pair-production losses of VHE photons on the CIB, most of the flux is com-
ing from local structures, within z <∼ 0.1. In particular at the largest angular
scales, the pattern and the amplitude of the anisotropies are almost indepen-
dent from the energy spectral shape of the sources and from the cosmological
model: modulo the magnitude of the CIB, the key parameter in shaping the
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signature is the degree of the correlation of the gamma-emitters with the
known matter density field in the nearby universe. In particular, dark mat-
ter annihilation models for the origin of most of the CGB predict a strong
(quadratic) correlation of the flux with the matter density, which should
clearly manifest in the forthcoming observations. Looking for dark matter
signatures at VHE is promising since, despite the limited statistics, the pre-
dictions are more robust than the ones at low energy and small scales (see
e.g. [227]), which are affected by more astrophysical and particle physics
uncertainties, besides the cosmic variance.

Starting from the PSCz astronomical catalogue, we produced maps of the
VHE gamma sky and estimated the potential of the satellite mission GLAST
or of extensive air shower observatories to detect these features. The GLAST
mission should be able to detected the imprint of dark matter signatures at
large scales, if the annihilation product of these exotic particles constitute
any relevant fraction of the diffuse extragalactic flux. EAS experiments are
instead limited by the scarce cosmic ray rejection capabilities, and only the
next generation of instruments like HAWC (or maybe already ARGO) may
have real chances to achieve the needed sensitivity. For EAS experiments,
there is a further remark. The SK experiment has recently detected an
anisotropy at the level of few×10−4 in the cosmic rays around 10 TeV, from
a sample of about 2 × 108 muons [257] (MILAGRO has also detected this
effect, as mentioned in [217]). At similar or higher energies, the TIBET
collaboration has reported the detection of several anisotropies at the ∼ 0.1%
level in the cosmic ray flux, probably associated with galactic sources and/or
galactic transport [210]. While the exposure needed to reveal the features
we have discussed so far is within the reach of the next generation of EAS
instruments, even assuming an excellent control over experimental spurious
effects, the ultimate limitation in detecting these signatures comes from the
understanding of the intrinsic anisotropy in the CR background. Therefore,
an efficient gamma/hadron separation is not only necessary to enhance the
statistical significance of the point-like or diffuse gamma ray sources observed
by EAS instruments, but also to control systematics. In particular, reversing
the gamma cut and thus enriching the sample in hadronic showers may help
identifying and removing non-gamma anisotropies.
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6.8 Appendix: Summary of the properties of

noise

In this section we briefly review the noise properties of a discrete poisson
process on the sphere. The main results can be easily obtained analytically
and concern the amplitude of the noise variance and the related power spec-
trum. The map resulting from a random realization of N equally weighted
points can be written as f(Ω̂) = 4π/N

∑

i δ(Ω̂− Ω̂i), normalized to its mean
value, so that to be adimensional; then the harmonic expansion coefficients
alm =

∫

dΩ̂fYlm(Ω̂) follow (apart the constant monopole contribution) a
gaussian distribution with 〈alm〉 = 0 and

σ2
alm

= 〈a2
lm〉 =

4π

N
(6.18)

independent from l,m. From this, the spectrum of the shot noise Cl =
∑

m |alm|2/(2l + 1) follows a χ2 distribution with mean

〈Cl〉 =
4π

N
(6.19)

again independent of l, and variance

σ2
Cl

= 〈C2
l 〉 − 〈Cl〉2 =

(

4π

N

)2
2

2l + 1
. (6.20)

These results surely hold in the limit of large statistics; however for our
applications it is worth testing them also in the limit of very low statistics,
say for N ≤ 1000. We performed a set of Monte Carlo simulations to clarify
the issue an found that the simulations and analytic results are in perfect
agreement even in the completely unphysical limit of N = 10; the analytical
results can then be safely used in all the cases of interest.

In general, in addition to the white noise CN
l , one has a signal CS

l . More-
over, there is normally incomplete sky coverage, and additional white noise
may be present, as in our case because of the background due to cosmic rays
passing the cuts†. A generalization of Eq. (6.20) then reads

σ2
Cl

=
2

(2l + 1)fsky

(CS
l + CN

l )2, (6.21)

†In principle, the formulae should receive a correction at large l due to the finite angular
resolution of the experiment. Since the experimental resolutions are better than a degree,
and we limit our considerations to the most prominent signatures at large scales, this
correction is unnecessary for our application.
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where fsky is the fraction of the sky accessible to the experiment (assumed
with uniform acceptance over this region), and the noise spectrum CN

l (in-
cluding the cosmic ray background) is given by

CN
l =

4πfsky

Nγ

[

1 +
NCR

Nγ

]

. (6.22)

For the alm’s, the variance due to the shot-noise plus the background is
written as

σ2
alm

= CN
l =

4πfsky

Nγ

(

1 +
NCR

Nγ

)

. (6.23)

We have used these results in estimating the errors reported in Sec. 6.6.
Note that what is really measured is always the sum signal+noise: the noise
is an unavoidable component in any experiment. However, being constant in
l,m, the average level of the noise can be fitted and subtracted (this is trivial
for deterministic predictions since 〈aN

lm〉 = 0). On the other hand, the error
in its determination depends on the sensitivity of the experiment and thus
the statistics collected, and on the level of background rejection.



Conclusions and outlook

I
n the first part of this dissertation I have investigated the prospects for
using CRs to perform astronomy at the highest energy range actually

observed in astro-particle physics. In particular, given the limited statis-
tics available, I focused the attention on the large scale anisotropies ex-
pected in the data. A reasonable expectation is that the pattern of UHECR
anisotropies should resemble in same way the anisotropies of the cosmolog-
ical Large Scale Structures from which they likely derive. Moreover, in this
scenario, due to the GZK effect, only the very near universe in a sphere of
few hundreds Mpc is expected to contribute to the UHECR flux. In the limit
in which Cosmological Magnetic Field play a negligible role, this allows to
forecast not only the statistical properties of the expected anisotropies but
also their pattern on the sky, lowering considerably the statistics required to
investigate the model. The detection of the anisotropies in the position and
with the intensity expected from LSS would rule out a large class of exotic
models in which UHECR are supposed to derive from unconventional sources
like topological defects or super-massive particles.

The findings of chapter 3 indicate that a statistics of few hundreds events
is necessary to robustly detect this kind of anisotropy or, eventually, to dis-
prove the model. Luckily, this statistics is well within the reach of few years
of operation of the Auger Observatory, actually in phase of completion in the
country of Mendoza, in the Argentinean Pampas. This forthcoming statistics
is expected, definitely, to clarify the issue.

However, though the actual UHECRs statistics amounts only to about
100 events, a first hint of large scale anisotropy has been already detected
in the form of prominent (3σ) peak at 20◦ in the clustering autocorrelation
function of the dataset. This result is analyzed in chapter 4, and the signal is
nicely explained in the light of the expected anisotropies from the LSS model,
whose predictions also explain some other (less statistically significant) fea-
tures of the data at scales larger than 100◦. Likely, the large statistics of the
AUGER observatory is required to confirm this result, though this prelimi-
nary evidence is quite promising.

The field of γ-astronomy is in a quite advanced phase respect to UHECRs
and dozen of galactic and extra-galactic sources have already been detected
in the last decade with an almost exponential number increment. Though,
many of the potentialities of γ-astronomy await still to be exploited. Among
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these, a clear detection of the anisotropies of the cosmological gamma back-
ground would be a great progress in the field bringing the attention also to
diffuse emissions besides the actual point sources search. Potentially, the
diffuse emission contains information on the presence of dark matter in the
universe. Though with a very weak rate, DM is expected to self-annihilate
producing γ photons. The anisotropy of the resulting diffuse emission has
quite different properties from the conventional astrophysical emission. The
anisotropies of the extragalactic gamma background could then offer an in-
teresting an complementary tool to investigate DM. The prospects to detect
this kind of signal with next generation of satellite and ground-based obser-
vatories are pursued in chapter 6. The result of the forecast analysis indicate
that the GLAST satellite has, indeed, good chances of detecting the LSS
anisotropies and at least, to put strong constraints on the DM emission.
Ground based observatories, like the planned large area HAWC are basi-
cally limited by their hadron background rejection capabilities though this is
partly compensated by the longer integration time allowed. In any case the
ground based contribution is indispensable to cover the energy range above
∼ 1 TeV, at present not in the reach capabilities of satellites experiments.

High Energy Astronomy is, at present, in a pioneering phase of discovery.
A lot of experimental activity in CRs and γ-physics is flourishing providing
steadily new pieces of information. Likely, complemented with the birthing
discipline of neutrino astronomy, these efforts will allow finally emerge the
hidden picture of the High Energy Universe.
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