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What a cosmic ray Is

Ultra High Energy Cosmic Rayzs
(UHECR)
Energy above ~1 EeV= 10%%e
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Importance of high energy Protons /
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E ~10%°eV Simulations show for Protons
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— Cosmic.rays
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Candidate sources
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Acceleration models require cosmic
rays (bare nuclei) to be confined into
the source.

There must be a limit to the energy of
a cosmic ray

Cosmic ray energy Source magnetic field
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Cosmic ray charge

Source dimension
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Lack of sources as explaination

of GZK suppression



Other possible cause of the suppression =) GZK effect
(GreizenZapetszin Kuzmin)— s

The high energy cosmic rays interact with the Cosmic Microwave Background, dissipating
energy [~
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Interaction
with CMB
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Effect of the interaction with the CMB /
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Attenuation of proton for interaction with the CMB and galactic-extragalactic E.M. radiation through a

A resonance

[Optical depth: ]
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A proton with E ~10%°eV dissipates
energy via photo-pion production, if its
path is longer than GZK limit it arrives on
Earth with energy below that value.

Heavier nuclei or protons
below 10%° eV




Lorentz invariance =

&\
Special relativity mm) | orent; Group

Special Relativity ====== Teory that describes the change of coordinates from one inertial frame to

another one -

[ Linear transformations compatible with the Minkowski metric tensor ]
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Relativistic dynamic

For every massive particle the dynamic is governed by the dispersion relation:

" [ In natural units]

2 222 2 .4
— [E =C°p"+m°c z=
: where | C =1 | isaconstant
) It represents the maximum
[Ez —¢c*p® =m*c’ attainable velocity mms the speed
of light




Lorentz Invariance Violation (lej/ﬂ.
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In the simpler case of Lorentz Invariance Violation (LI1V)
every particle ‘i’ has a different maximum attainable velocity
(its “personal’ speed of light)

[Effects of introducing the LIV} mmm) | Changing the dispersion relation
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‘ [mz << p’zl
[Ezz(1—25)62+m2] -~

The corrections relative to the mass
term have been neglected because of
the ultrarelativistic regime.

Effects visible in
ultrarelativistic regime
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Effect of on GZK sphere |

The violation can modify the GZK limit:
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In first
approximation

(Ey ~7.0-10 eV
m, = 938MeV

| m, ~1232MeV
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There is not a unique

the CMB follows a
Boltzman distribution.
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GZK cut-off starts to be
influenced w the LIV

First constrain on

LIV intensity



How to compute the GZK spere radius VW

In this case the LIV can change

: In first approximation the LIV [ -23 ] he i ionlERah £
: : m) | c>10 the interaction lenght, because o
[mflueneces GZKonly it } its effect on the proton dynamics.
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This term correction has the same
consequences

4EpE
S Terms introduced by LIV
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This extreme of integration linearly depends on & E

Increasing the LIV parameter, from &~10", for a proton with E, ~10*° eV
attenuation remains the same increasing the path lenght of a not negligible quantity




e GZK sphere size is

Increased by the
introduction of LIV

7« A\

GZK opacity sphere
It would be possible to 50 Mpc
observe protons with energy 160 millions light years
& s,
E~10 % eV y N
accelerated farther than the _ Effectof LIV.
estimated GZK radius dilatatiofgie GZK

sphere radius
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It would be possible to search for correlation
between high energy protons
and sources collocated outside the GZK sphere
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Conclusion —

\

GZK effect is present, it is
possible to use protons for
anisotropy research
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The GZK sphere increases
with g, asimptotically to
infinite

Necessity to compute the

GZK sphere expansion If the sphere

increases, but its

magnitude : S
radius remains finite

(" Possible to evaluate
constrains to LIV theory,
starting from

\ experimental data ‘

/8 I
Possible to search
correlation with
farther sources
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Effect of the interaction of photons with the CMV
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Attenuation of photon for interaction with CMB and galactic-extragalactic E.M. radiation

Optical depth:
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/A proton with E ~10%eV dissipates
_| energy via photo-pion production, if its

Earth with energy below that value.

\J

path is longer than GZK limit it arrives on
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Search for an effective theory _—
\ =

/
An effective theory has to take into account the modified dispersion relation.

From the modified Dirac equation:
\((i}/“@ﬂ - m)— |77§) W = 0} follows:
i((iy#a” + m)—ig 776) ((iy”aﬂ _m)_ig 776) W = 0}

Substituing in this equation the spinor as:| w =u(p) e‘ipx] or [W =v(p) eipx] follows:
L
(poz —(1— &) N m2>{\lj§ g; _ 0| the required dispersion relation7 [ E? ~ (IS5 + mZ}
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The corresponding effective Lagrangiane for a free fermionic particle is:

[L —g(ir“e,—m) v }

In the simple model considered here the space-time structure is always isotropic

More generals LIV theory imply the coupling of the fermion with other fields

(spurions).
These fields must be equal to zero in'privileged frame of reference where

the CBM is isotropic.
This corresponds to have a space-time metric tensor in the form of a Finsler

\metric. /




the primary

Cosmic Ray

The number of particles at ground at a reference distance
from the shower axis is a good energy estimator.

To improve the data collecting Pierre Auger
Obsevatory uses even Fluorescence Detector
(FD) Telescopes.




The Pierre Auger Observatory

~ | Above ~40 EeV the flux is extremely

low: less than one particle per km? per

\%

Necessity of a very big

apparatus
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Hadronic cascade

When a UHECR interact with the high atmosphere, it creates a cascade of
secondary particles: an extensive air shower (EAS)
The atmosphere operates like a Calorimeter

Primary Particle

|

nuclear interaction
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