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Assumption: Sources emit according to:

B <A 107V, 7, — 32 4% 10™ < K<
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(EY ~ E~7s where g 15 the ,L':*'lli'[‘r'llinl| illilt'-.‘{.‘-y

x 1018eV; v, = 2.7, E < 4 x 10'%eV.
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5. High

J : smi dys
Energy Cosmic Rays

e [n this talk we are concerned with the obsgervation of ultra highgenergy cosmic rays (UHECR],

i.e. those cosmic rayvs with energies greater than ~ 4 x 1018 V.

e Although not completelv clear. it has been suggested []‘.1%'[["]‘.1{'.‘3«&‘ high energy particles are possibly

heavv n

e Bv virty
SOUTCeS.

nelet (we will assume here that they are protons).

'- ot the 1sotropic distribution with which thev arrive to us. they originate i extragalactic
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6. The Greisen-Zatsepin-Kuz’'min (GZK) cutoff

¢ Their propagation in open space 18 affected by the cosmic microwave background radiation {CMBR},
producing a triction on UHECR making them t'vlﬁ-em*l*um'gj.' in the form of secondary particles
and affecting their possibility to reach great distances.

i . " - 1) r
e Cosmic rays with energies above 1 x 10<Y eV should not travel more than ~ 100 _'\.[p{-.l
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Energy E [e¥]
UHECR spectrum and HiRes observations. The fgure shows the UHECR spectrum J{ E) multiplied
bv E*. for uniform distributed sources. without evolution (m = ), generation index Vg = 2.7, and with

a maximum generation energv .. = o¢. Also shown are the HiRes observed events.
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Enemgy E [e¥]
UHECR spectrum and HiRes observations. The fgure shows the UHECR spectrum J{ E) multiplied
bv E?. for uniform distributed sources. without evolution (m = ), generation index Vg = 2.7, and with

a maximum generation energv .. = o¢. Also shown are the HiRes observed events.
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Enemgy E [e¥]
The figure shows the UHECR spectrum J{ £} multiplied by £, for uniform distributed sources, without

evolution, and with a maximum generation enersy F .. = o¢. Also shown are the AGASA observed
-} ar

events. The best fit for the low energy sector | B < 4 x lH"I eV 1'[][‘[‘1'—H]}|bl|1]}- Lo Yy = 4.1.
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The fizure shows a discrete random geometrv. s; ~ Ip ~ 10~%%em. L=L is the characteristic length
scale of the semiclassical LQG state. [p << L << =
For d <<

L. the geometry 18 discrete.

For d >> L. we recover the continuum geomet l‘_‘-'.i_‘:" ~ d°x
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In what follows, it will be

sufficient to consider for fermions

iy iy t i |_ !' S
1 A J ¥ 1]
J'r'___ — AW | o £ J“| . - ‘J}] — M +— — | K ‘3_}\ {1)
- P s | e
where now 4 = 1 + k1 £,/L and k1, k3 and ks are of order one. For simplicity, let us write (with
1 F oy I
n = .H;x-'; and A = ks :'_u_.'._}i_-‘_l
By —

0y o '

A<p® + .rl.'l.'JI + 2Ap + m-. (2}
As belore. we note the presence of the + signs which denote the helicity dependance of the fermion. To
the order of interest. for photons we have the following dispersion relations:

fi :.';2 [ 12 o _).'J,l {

2 190, (¢,0)]

-3 )
Notably, (3] is essentially the same result that Gambini and Pullin have obtained for photon’s dispersion
relation. with the difference that they have A, =

l JI]H[ |l|t"'|'1"i.1r'|'[' I-|H'- H["llli['lilHHi[';l] r—'-i';lli'- :f_‘ 'i.H :l]br—'ﬂ'-][l,

Pirsa: 04100045

Page 11/24



11. Bounds on the LID parameters

e |} We have seen that the conventionally obtained theoretical spectrum provides a verv good
c c - C T c c c c
description of the phenomena up to an energy ~ 4 x 10! V. The main reaction taking place in
this well described region is the pair creation v +p — p+ et + e,
So. we will require that ti- threshold condition for pair creation not be substantially altered by
the new corrective terms.

e 2} Since for energies greater than ~ 8 x 10 eV the conventional theoretical spectrum does not
fit the experimental data well. we shall require that LOQG corrections be able to offer a violation
of the GZK-cutoff.

The dominant reaction in the violated E > 8 10'? region is the photo-pion production and. there-
fore, we shall require further that the new corrective terms present gt he kinematical caleulations
he able to shift the threshold significantly to preclude the t'mc-tiq:m.‘
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Energy E [e¥]
The figure shows the UHECR spectrum J{ £} multiplied by £, for uniform distributed sources, without
evolution, and with a maximum generation enersy F .. = o¢. Also shown are the AGASA observed

events. The best fit for the low energy sector | B < 4 x lHl" eV 1'[][‘[‘1'—H]}|bl|1]}- Lo Ty — 7,
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12. The Cubic Correction

A commonly studied correction which has appeared in several recent works. and which deserves our
attention. is the case of a cubie correction of the form
2 5 oy G
E-S=p " 4+m” +Ep°, (1)
(where £ 1s an arbitrary scale). It is interesting to note that strong bounds can be placed over defor-
mation f(p) = £p*. We will assume in this section. that £ is an universal parameter (an assumption
followed by most of the works in this field).

F : \ 2
(mp + m.)(mp + 2m,)

iy

3
”jP E ref
B 557 | .
(3980 1071 ), (5)

where we have used F.p = 3 x 10" eV. This last result shows the strong suppression over £. As a
c - y — R r_ -
consequence, the particular case £ = [, = 8 x 107" eV L should be discarded.
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13. Cosmic Rays Spectrum
Two simple and commonly used assumptions for the development of the cosmic ray spectrum are:

e -1} The sources are unitormlv distributed m the Universe. I
e -2} The generation flux F(FEg) of emitted cosmic rays from the sources is correctly described by

Ya

!

a power law behavior of the t’oin F(Eg) ox Eg
and 74 1s the generation index.

, where E, is the energy of the emitted particle
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Enemgy E [&V]
Modified UHECR spectrim and AGASA observations. The figure shows the modified spectrum J( )
- c - S - - e . : ot g0
multiplied by E°. for uniform distributed sources and without evolution, for the case a,, = 1.5 x 107=°

(£ ~ 6.7 x 10718 eV—1). Three different maximum generation energies F, .. are shown. These are,
S ' . 0y - ‘ ¢ 0y s
curve 1: 5 x 10°" eV: curve 2: 1 x 10*! eV: and curve 3: 3 x 104! V.
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In what follows

.1t will be sufficient to consider for termions

i v 0y i ) l | F
9 > . ,
'IF-' _— o 1_“_ L 'L".."' o J'I'II a1z |l"'._I \J-.;lj + M + — }1',_.‘_3?;1\ |: l :I
e p L= | £
where now 4 = 1 + k1 £,/L and Ky, k3 and ks are of order one.
Y L e
—.h_,-pf|l|1l/\—-‘1-,.P__.._L |

For simplicity, let us write (with
=y o
BE - A%

| ] &
B -rl']"I J= _/lilll‘l —— TR

{2}
As bhefore. we note the presence of the + .‘-'-ij_';lm which denote the -Ili"]'li'il_‘{ fh"]‘}i'lH];llH'c'- e ey I
the order of interest. for ]}]uulnlm we have the foll p\-.‘-[“_.ﬁ,- 1[13“‘,].;“ n relations:

fi :.';2 [ 12 1 _).'J,l il

¥ ¥\ I pf-"':l -

{ 3]
Notably, (3] is essentially the same result that Gambini and Pullin have obtained for photon’s dispersion
relation. with the difference that they have A-

| and therefore the semiclassical scale £ 1s absent.
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Enemgy E [&V]
Modified UHECR spectrium and AGASA observations. The figure shows the modified spectrum J( )

multiplied by E®. for uniform distributed sources and without evolution. for the case a,, = 1.5 x 10722
(£ ~ 6.7 x 10718 eV—1). Three different maximum generation energies F, .. are shown. These are,

curve 1: 5 x 1029 eV: curve 2: 1 x 102! eV: and curve 3: 3 x 1021 eV,
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13. Cosmic Rays Spectrum
Two simple and commonly used assumptions for the development of the cosmic ray spectrum are:

e -|) The sources are unitormlv distributed m the Universe. I
e -2} The generation flux F(FEy) of emitted cosmic rays from the sources is correctly described by

Ya

a power law behavior of the t’oin F{FEg) oc Eg ™, where E is the energy of the emitted particle

and 74 1s the generation index.
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¢ We have giudied the propagation of massive particles and photons in the context of Loop Quantum

Gravity.

The discrete structure of space to the scale of [p ~ 107" @n produces

corrections to the macroscopic propagation of the particles.

We have seen how the kinematical analvsis of the different reaction taking place in the propagation
of ultra high energy protons can set strong bounds on the parameters to the theorv. In comparison
with our previous work. we have eliminated some previously open possibilities bv the particular
study of the pair creation p+~ — p+e™ +e . in the energy region where this reaction dominates
the proton’s interactions with the CMBR. In this wayv. the only possibility still open (for the
corrective terms considered n the expansion for the dispersion relations | and favored by the LOQG
scales. 1s the correction «v. If this 15 the case. a favored region for the seale leneth £ estimated

through the threshold analvsis would be

Y I N o e a— |l ) T,
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16. Future Perspective

e Future experimental developments like the Auger arrav, the Extreme Universe Space Observatory
(EUSO) and Orbiting Wide-Angle Light Collectors (OVEL) satellite detectors, will increase the
precision and phenomenological description of UHECR.

e On the more theoretical side, progress in the direction of a full effective theorv, with a systematic
method to compute anv correction with .klmwu value for each coeflicient. is one of the next steps
m the “loop” quantization programine.

e This will set stronger bounds on the parameter of the theorv and decide if the quantum gravity
{-{.:rrrv(-tinl\ﬁ to the propagation of particles 1s our first direct evidence of a Quantum Theory of
Gravitv.
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