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Abstract

We will review the main physical aspects of Ultra High Energy Cosmic Rays. We will discuss in particular their
propagation through astrophysical backgrounds, focusing on the latest experimental observations of HiRes, Telescope
Array and Auger. We will also review the issue of the transition between galactic and extra-galactic cosmic rays.
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1. Introduction

Ultra High Energy Cosmic Rays (UHECR) are the
most energetic particles observed in Nature, with en-
ergies up to fewx10% eV. As any other observation of
Cosmic Rays (CR), UHECR are characterized by three
basic observables: spectrum, chemical composition and
anisotropy. In this short review we will mainly dis-
cuss the first two observables neglecting the discussion
about a possible anisotropy in the arrival directions of
UHECR.

The behavior of the UHECR spectrum is mainly con-
ditioned by the interaction of such particles with the in-
tervening astrophysical backgrounds and by the cosmo-
logical evolution of the Universe. In the energy range
E ~ 10" = 10" eV the propagation of UHE particles
is extended over cosmological distances with a typical
path length of the order of Gpc. Therefore one should
also take into account the adiabatic energy losses suf-
fered by particles because of the cosmological expan-
sion of the Universe.

The background affecting the propagation of UHE
protons is only the Cosmic Microwave Background
(CMB). There are two spectral signatures that can be
firmly related to the propagation of protons through this
background: pair-production dip [1]], which is a rather
faint feature caused by the pair production process:

pP+ycup— e +e +p (1)

and a sharp steepening of the spectrum caused by the
pion photo-production:

P+Ycmup = T+ p )

called Greisen-Zatsepin-Kuzmin (GZK) cut-off [2].

In the case of UHE nuclei the situation changes be-
cause, apart from CMB, also the Extragalactic Back-
ground Light (EBL) becomes relevant. The interaction
processes that condition the propagation of UHE nuclei
are pair production, that involves only the CMB back-
ground [4], and photo-disintegration. The latter is the
process in which a nucleus of atomic mass number A
because of the interaction with CMB and EBL looses
one or more nucleons:

A+ yeupepr — (A —nN) +nN 3)

the most relevant process is the one nucleon emission
(n = 1) as discussed in [4].The photo-disintegration of
nuclei, together with the pair production process, pro-
duces a steepening in the observed spectrum. The exact
position and behavior of the flux suppression depends
on the nuclei species as well as on the details of the cos-
mological evolution of the EBL which, differently from
CMB, is not known analytically being model dependent
[S)]. In general the nuclei flux steepening is not as sharp
as the GZK and it is placed at lower energies respect to
the GZK energy scale [4].
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The GZK cutoff is the most spectacular feature in
the UHECR spectrum. However one must remember
that it is defined only for UHE protons interacting with
the CMB filed. The cutoff energy position is roughly
fixed by the energy where the pair-production (Eq. (I))
and the photo-pion production (Eq. (2)) energy losses
become equal, namely at Egzx =~ 50 EeV [3]. The
shape of the GZK flux suppression could also be model-
depend: it depends on a possible local over-density or
deficit of sources and can be mimicked by low enough
values of the maximum energy that sources can provide.
In contrast, the pair-production dip is practically model-
independent mainly because protons contributing to this
energy range arrive from sources lying at cosmological
distances.

From the experimental point of view the situation is
far from being clear with different experiments claim-
ing contradictory results. The HiRes and, nowadays,
the Telescope Array (TA) experiments show a proton
dominated composition till the highest energies with a
clear observation of the proton pair-production dip and
GZK cut-off [6]. Chemical composition observed by
HiRes and TA is coherent with such picture showing a
pure proton dominated spectrum starting from energies
E ~ 10'8 eV till the highest energies. The experimen-
tal picture changes taking into account the Auger ob-
servations. The spectrum observed by Auger shows a
behavior not clearly understood in terms of the proton
pair-production dip and GZK cut-off [7]. This spectral
behavior could be a signal of a substantial nuclei pollu-
tion in the spectrum, which is confirmed by the Auger
observations on chemical composition that show a pro-
gressively heavy composition toward the highest ener-
gies, this tendency starts already at E > 4 x 10'8 eV
[7]]. In this short review we will discuss the main issues
in the physics of UHECR presenting a twofold discus-
sion from both experimental as well as theoretical point
of view. The paper is organized as follows: in section
we will mainly discuss the two observable features
connected with protons propagation, i.e. dip and GZK
cut-off, presenting a comparison with HiRes and TA
data, in section E] we will focus on the Auger observa-
tions of spectrum and chemical composition, discussing
the consequences of a nuclei dominated spectrum, in
section 4] we will discuss the physics of the transition
between galactic and extra-galactic CR, finally conclu-
sions will take place in section 5]

2. HiRes and TA data: dip and GZK cut-off

The dip is a quite faint feature that arises in the spec-
trum of UHE protons in the energy range 2 x 10'% eV

10® 10 10  10* 102
E, eV

Figure 1: Modification factor for different values of y, (see text).

+5 x 10" eV due to the pair production process; it
is a unique imprint of the interaction of protons with
the CMB background. The dip behavior is more pro-
nounced when analyzed in terms of the modification
factor n(E) = Jp(E)/ jf,’”m(E) [1], defined as the ratio
of proton spectrum divided by the so-called unmodified
spectrum, where only adiabatic energy losses (expan-
sion of the Universe) are taken into account.

In this paper we will always assume a power law in-
jection spectrum for UHECR, namely Q(E,) o« E,”*
being E, the UHECR generation energy eventually
bounded from above by the maximum attainable energy
at the source Eg*. A useful characteristic of the modi-
fication factor is its universality, it depends very weekly
on the injection power law index and on various phys-
ical phenomena that can be included in the calculation
[1]. In figure [I| we plot n(E) for different values of v,
(as labelled); it can be seen that if one includes in the
calculation of J, only adiabatic energy losses then, by
definition, n(E) = 1 (dash dotted line). When e*e™ pro-
duction is additionally included one obtains 7(E) as la-
belled in figure|l} this behavior corresponds to the pair-
production dip. Finally, if all channels of energy losses
are taken into account 1(E) shows also the GZK sup-
pression, curve labelled ’total’. The only “critical” as-
sumption at the very base of the dip behavior is the pro-
ton dominated spectrum, already a nuclei pollution at
the level of 15% will spoil the behavior of figure|[T}

Modification factor is a very useful tool to study the
effect of the CMB radiation field on the propagation of
UHE protons and can be compared with observations
simply dividing the observed spectra by the unmodified
spectrum J;""(E) oc E7%. In figures we compare
the modification factor with the observations of HiRes
and TA [6]. This comparison involves only two free
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Figure 2: The pair production dip compared with the HiRes experi-
mental data [6]], this experiment confirms the pair-production dip with
good accuracy (y*/d.o.f. ~ 1.0 = 1.2).

parameters: the power law index at injection vy, and the
total emissivity of UHE protons sources.

The fit of HiRes and TA data to the pair-production
dip is quite good with a y*/d.o.f ~ 1 and a best fit value
of y, = 2.7 for HiRes and y, = 2.6 for TA. From figures
[2I3] one can notice that the modification factor observed
by HiRes exceeds the theoretical one around EeV ener-
gies; since by definition (E) < 1 this excess signals the
appearance of a new component of CR at E < 1 EeV.
This component can be nothing else but the galactic cos-
mic rays. Therefore the dip model for UHECR implies
a transition from galactic to extra-galactic CR at £ < 1
EeV, we will come back to this in section

The experimental observations of HiRes and TA
show a strong evidence of the GZK cut-off in the spec-
tra, while Auger data, that we will discuss in the next
session, seem less compatible with the expected GZK
behavior of the spectra. In general all experiments show
a flux suppression at the highest energies, nevertheless
to ascribe it to the process of photo-pion production of
protons on the CMB field (i.e. GZK suppression) one
must prove that: (i) the energy scale of the cut-off and its
shape correspond to the theoretical predictions, (ii) the
observed chemical composition is strongly dominated
by protons.

The integral spectrum of protons J,(> E) has a power
law behavior at low energy. Increasing the energy, be-
cause of the photo-pion production process, J,(> E)
shows an abrupt suppression (i.e. GZK cut-off). The en-
ergy scale at which this suppression arises can be eval-
uated as the energy at which the integral flux is reduced
by half of its low energy value. This energy scale E|»
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Figure 3: The pair production dip compared with the TA experimental
data [6].

can be computed with extreme accuracy and it is found
to be practically model independent [3]], its theoretical
predictionis Ey/; = 101972 eV ~ 52.5 EeV [3].

The HiRes and TA observations show a proton dom-
inated spectrum at all energies E > 10'® eV [6], more-
over the HiRes collaboration measured E/; obtaining a
value in a pretty good agreement with theoretical expec-
tations, namely E{/T* = 101973+007 eV These experi-
mental evidences show a coherent picture of a proton
dominated flux that exhibits the expected features: pair-
production dip and photo-pion production suppression
(GZK).

3. Auger data: heavy nuclei

The spectrum observed by the Pierre Auger experi-
ment, shown by filled squares in figure ] differs from
the HiRes and TA spectra, shown by triangles and cir-
cles. On the other hand, as discussed in the previous
section, the HiRes/TA data are well fitted by the pair-
production dip, shown as continuos line in figure 4]

In the framework of the dip model, taking into ac-
count the systematic errors in energy determination, one
can try to shift the Auger energy scale having the dip be-
havior as reference. This procedure, proposed in [1], is
based on the fact that the energy position of the pair-
production dip is rigidly fixed by the interaction of pro-
tons with the CMB radiation field, so that it can be used
as a “standard candle”. This approach is based on a sin-
gle hypothesis: a pure proton composition of UHECR.

Shifting accordingly to the dip “standard candle” the
energy scale of the Auger data one has the result shown
in figure 5] Where the Auger data have been shifted
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Figure 4: Spectrum of UHECR as observed by HiRes, TA and Auger
experiments (as labeled). Continuos line is the best fit of HiRes/TA
with a pure proton composition (dip model)

according to £ — k.yE with k., = 1.22, allowed by
the systematic error claimed by the Auger collaboration
(7).

After the energy shift, the apparent coincidence of the
Auger and HiRes/TA data is mainly related to the low
energy part of the spectra (see figure [3), while at the
highest energies statistical uncertainties are too large to
distinguish among spectra. Nevertheless, while HiRes
and TA data are compatible with the GZK steepening
the Auger data, which at energies around 50 EeV still
show low statistical errors, are not compatible with the
behavior expected from the photo-pion production pro-
cess of protons on the CMB field.

Even playing with the different parameters involved
in the computation (i.e. injection power law index vy,
sources cosmological evolution, maximum acceleration
energy, local over-density of sources, etc.) one could
not reconcile the Auger spectrum behavior with the
GZK expectation. Being the GZK steepening a clear
signal of a proton dominated spectrum, the Auger spec-
trum is coherent with the chemical composition mea-
sured by this experiment at the highest energies which
is quite incompatible with a pure proton composition.
Auger data on chemical composition show a steady be-
havior that, starting already from energies around 3 EeV,
moves from a light (proton) to an heavier composition
reaching an almost pure Iron composition at energies
around 30 EeV [[7]. These observations based on the
Auger Fluorescence Detector (FD) are further straight-
ened by the observations of the Auger Surface Detector
(SD), namely the shower muon content and the signal
rise time in the Cherenkov tanks [8]].

The early steepening observed in the Auger spec-
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Figure 5: The same as in[@] with the Auger spectrum shifted in energy
as E — keqE with k., = 1.22.

trum can be easily explained in terms of nuclei prop-
agation. Nevertheless, even assuming a rich chemical
composition with different nuclei species injected at the
source it is not easy to obtain a good explanation of
both spectrum and chemical composition observed by
Auger. A wide class of mixed composition models [9]],
while showing a good description of the spectrum, fail
to fit the mass composition observed by Auger. Most
of these models assume a mass composition similar to
the one observed at galactic scales, therefore enhanced
in protons, and the resulting mass composition starts to
become heavier only at energies E > 50 EeV [9] where
photo-pion production substantially depletes the proton
component.

At the galactic energy scales, the mass composition
becoming heavier with increasing energy appears as a
natural consequence of the rigidity dependent scenario
for particles acceleration. The maximum acceleration
energy that a single specie can reach is proportional to
the particles charge EZ, = ZE" . and the contribution
to the spectrum at these energies of particles with charge
lower than Z is suppressed. The disappointing model for
UHECR [[13]] was build exactly under such assumption
on maximum energy. In [13] was demonstrated that to
avoid a proton dominated spectrum at the highest en-
ergies one must assume that the maximum energy for
protons is in the range 4 + 10 EeV. This conclusion re-
mains valid for a large range of generation power law in-
dexes y, = 2.0 + 2.8, nevertheless to achieve a good de-
scription of the observed UHECR spectrum in the disap-
pointing model one should assume a quite flat injection
spectrum with y, = 2.0 + 2.2. This fact, as we will dis-
cuss in the next session, has important consequences on
the transition between galactic and extra-galactic CR. In
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Figure 6: Energy spectrum in the two components model with proton
and iron nuclei for a homogeneous distribution of sources with y, =
2.0 and E},, = 4 EeV.

figures [6}]7| we plot two different implementations of the
disappointing model: a simple two component model
with protons and iron (figure [6]), the same two compo-
nents model with a diffusion cut-off in the iron spectrum
due to the possible presence of a nG scale intergalactic
magnetic field (figure[7). Note that the gap in the spec-
trum in figure [/| can be filled by the presence of sec-
ondary nuclei produced by the photo-disintegration of
iron.

This model was called “’disappointing” because it cor-
responds to a lack of many signatures predicted in the
alternative case of a proton dominated scenario, such
as the cosmogenic neutrino production and correlation
with astrophysical sources. The disappointing model
as presented here and in [[13]] is not complete because,
while it reaches a good description of the observed
Auger spectrum, it does not try to describe also the
chemical composition observed at all energies.

The only successful theoretical attempt to fit at once
spectrum and chemical composition of Auger was pre-
sented in [[14] where it is assumed the presence of a very
nearby source (=~ 70 Mpc) with a very flat generation
spectrum (y, =~ 1.6) injecting heavy nuclei only.

4. Galactic and extra-galactic cosmic rays

The different models aiming to describe UHECR ob-
servations have different consequences when applied to
the transition from galactic to extra-galactic CR, there-
fore this theme of investigation has obtained an increas-
ing interest in recent years. In general the physics of
galactic CR is well understood in the framework of the
standard model, which is based on the paradigm of Su-
per Nova Remnant (SNR) as sources of galactic CR and
Diffusive Shock Acceleration (DSA) as the mechanism
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Figure 7: As in figure[6] with a diffusion cut-off, the gap is expected to
be filled by intermediate mass nuclei.

of particles acceleration. In the standard model of galac-
tic CR the observation of the knee at energy 2 x 10 eV
in the spectrum fixes the maximum energy of protons
at the source and therefore, in a rigidity dependent sce-
nario, the maximum energy for iron nuclei, the end of
galactic CR, will be around energies 10'7 eV.

In figures we plot together the fluxes of galac-
tic and extra-galactic CR assuming the two different
models dip (figure [§) and disappointing (figure ) for
UHECR and using the flux of galactic CR as computed
in [10], that takes into account the scale distribution of
SNR in the galaxy. The experimental data of figures
are those of HiRes [6] and Auger [7] on the UHECR
side and, on the galactic side, the data of all particles
spectrum of Kascade [[11] and an average of the fluxes
measured by different experiments as presented in [12].

The matching of galactic and extragalactic fluxes in
the case of the dip model (figure[8) gives a very good de-
scription of the experimental data, reproducing in an ex-
tremely accurate way the spectra observations in the in-
termediate energetic regime where the transition is sup-
posed to stand. The case of the disappointing model
gives a less accurate description of the experimental
data (figure 0) with a slightly suppression of the theo-
retical flux in the transition region not seen experimen-
tally. The less good agreement with experimental data
obtained, in the transition region, with the disappointing
model respect to the dip model is a direct consequence
of two important facts: (i) the quite flat power law in-
jection index (y, = 2.0) of the disappointing model, (ii)
the quite low maximum energy associated to iron nu-
clei (EF¢ '~ 10'7 eV) in the standard model of galactic
CR. These two facts produce a lacking of particles in the
transition region not seen experimentally, to avoid such
circumstance one should assume a larger maximum en-
ergy for galactic iron. Only in this way in-fact it is pos-
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Figure 8: Transition from galactic to extra-galactic CR in the case of
the dip model, with Eqy = 102! eV and vg = 2.7. Galactic CR flux
is taken from [10]], experimental data are from HiRes [6], Auger [7],
Kascade [11]] and the average over different experimental results as in
[12].

sible to fill the gap in the transition region making the
theoretical spectrum compatible with observations.

Let us conclude this section emphasizing the impor-
tance of the study of the transition between galactic and
extra-galactic CR. In general, the transition is the super-
position of the low energy tail of UHECR with the high
energy tail of galactic CR and it is supposed to stand
in the energy range 0.1 + 10 EeV. As discussed above
the informations obtained at these energies on galactic
CR involve the maximum acceleration energy of parti-
cles and their chemical composition. Therefore, assum-
ing the standard model of galactic CR, the study of the
transition can unveil the whole picture of the origin of
galactic CR. Moreover, the low energy tail of UHECR
can give key informations on the (possible) existence
of the pair-production dip and on the propagation of
UHECR in intergalactic magnetic fields [15]. There-
fore, the experimental studies in the transition region are
of paramount importance in this field of research, with
the mass composition measurements being probably the
most important task [15].

5. Discussion and conclusions

We face nowadays the most serious disagreement in
the observations of UHECR between the data of Auger
and HiRes/TA. While Auger points toward an heavy
composition at the highest energies, HiRes/TA shows
a proton dominated composition at all energies.

The most self-consistent conclusions on the nature of
UHECR are obtained at present by HiRes/TA: they ob-
serve a proton dominated chemical composition with a
spectrum that shows both expected signatures of pro-
tons, i.e. the pair-production dip and the GZK cut-off.
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Figure 9: Transition from galactic to extra-galactic CR in the case of
the disappointing model assuming a mixture of protons, He and Fe
nuclei at the source with Ef,, = 4 x 10'® eV and vg = 2.0. Galactic
CR flux as in figure[§]

Moreover, in the HiRes data the GZK cut-off is also
found in the integral spectrum with the expected value
of the Ey/, energy scale. The picture emerging from
HiRes/TA data confirms the dip model [1] and places
the transition between galactic and extra-galactic CR at
energies around 10'® eV in very good agreement with
galactic CR observations. The only discrepant feature
of the HiRes/TA observations consists in the absolute
lacking of any anisotropy signal, expected at the highest
energies in the case of a pure proton composition.

The Auger data are quite different. Measurement of
chemical composition shows a steadily increasing mass
starting from energies around 3 EeV, observation re-
cently confirmed by independent data on muon con-
tent in the showers [8]. The Auger chemical compo-
sition excludes the dip model and the observed high en-
ergy steepening as the GZK cut-off. At present there
is no nuclei based model which explains simultane-
ously the Auger energy spectrum and chemical compo-
sition, apart from the model proposed in [14] based on
an unlikely framework with a nearby source (70 Mpc)
that injects only heavy nuclei with a very flat spectrum
(v, = 1.6).

We can conclude that the key issue to distinguish
among different models in UHECR physics is related
to the measurement of chemical composition. The best
method at present to determine the UHECR composi-
tion is given by the measure of the position of the max-
imum of the cascade developed in the atmosphere, i.e.
the elongation curve (X,,,,.)(E). In figure [];0] we plot the
elongation curve as observed by Auger [7] and in figure
[IT] the same quantity measured by HiRes [6]. The cal-
culated reference values for proton and iron plotted in
figures [10l]1 1| are those computed in the framework of
the QGSJETO1 and QGSJETO02 models [16].
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Figure 10: Elongation curve as measured by Auger [7]. The calcu-
lated reference values for proton and iron are those computed in the
framework of the QGSJET1-2 model [16].

Unfortunately, the determination of chemical compo-
sition through (X,,,,)(E) suffers from many systematics
due to the experimental approach and uncertainties in
the interaction model. Systematic errors in the (Xu,y)
measurements can be as large as 20 + 25 g/cm?, to be
compared with the difference of about 100 g/cm? be-
tween (X.y) of proton and iron. A better sensitivity to
distinguish different nuclei is given by the width of the
Xnax distribution, i.e. RMS (X,,,0,) [17]].

We conclude stating that renewed experimental ef-
forts are needed to reach a more reliable determination
of the chemical composition of UHECR solving the ap-
parent contradiction in the Auger and HiRes/TA data.
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