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CR Observations and the transition GCR-EGCR

ü The all particle 
spectrum is a broken 
power law with few  
structures: knee, 
second knee, ankle, 
strong suppression at 
UHE.
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In Cosmic Rays physics
we can study sources,
production mechanisms
and the physics of
propagation only through
three basic observables

üSpectrum

üAnisotropy

üMass composition



The Pierre Auger energy spectrum Valerio Verzi

Table 1: Relevant parameters of the data samples used to measure the energy spectrum.
1500 m � <60� 1500 m �>60� 750 m Hybrid Cherenkov

data taking period 01/2004-08/2018 01/2004-08/2018 01/2014-08/2018 01/2007-12/2017 06/2012-12/2015
exposure [km2 sr yr] 60426 17447 105.4 2248 at 1019 eV 2.86 at 1017 eV

number of events 215030 24209 569285 13655 69793
zenith angle range [�] 0 - 60 60 - 80 0 - 40 0 - 60 0 - 85
energy threshold [eV] 1018.4 1018.6 1017 1018 1016.5

energy resolution [%] 18 - 8 22 - 10 22 - 8 7.4 18
(from low to high E)

calibration parameters
number of events 3338 393 1179

A [EeV] 0.186±0.003 5.51±0.07 0.0132±0.0004
B 1.031±0.004 1.04±0.02 1.006±0.009
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Figure 5: Energy spectra measured using the Pierre Auger Observatory (left) and spectrum obtained com-
bining the different measurements (right).

� < 60� (see also [11]). Another measurement of the spectrum is obtained by analysing the hybrid
events detected by the FD simultaneously with at least one WCD. The measurement benefits from
the high precision in the FD energy estimation and is made selecting events with energy > 1018 eV.
The exposure is calculated using a full time-dependent simulation of the hybrid events and detector
response [12].

The spectrum measurements are extended to lower energies using the 750 m array. Thanks to
the implementation of a new trigger algorithm at the WCD level, in comparison to our previous
publication [2], we have been able to lower the energy threshold by half a decade down to 1017

eV [14]. This measurement is unique of its kind, similar to the one performed with the 1500 m
array, because it is done with an array in the regime of full trigger efficiency and using a fully data-
driven approach. Finally, as pioneered by the Telescope Array [15], for the first time we show the
spectrum derived using the events detected by HEAT in which the observed light is dominated by
Cherenkov radiation. This allows us to lower the energy threshold to 1016.5 eV [16] and, together
with the 750 m spectrum, to precisely study the spectral features around 1017 eV.

The parameters used to define the various spectra are detailed in table 1 and the measured
spectra multiplied by E3

i are shown in the left panel of figure 5. The spectrum obtained by com-
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Ultra High Energy Cosmic Rays – Spectrum

ü Expected changes in the mass 
composition across the 
transition region: from heavy 
to light (see later).

ü Anisotropy observations can 
provide stringent limits on the 
transition region.

Transition GCR-EGCR

ü Second knee: ~2x1017 eV

ü Ankle: ~3x1018 eV

Spectral features



ü Large scale anisotropy: dipole E>8 EeV (5.2!) Extragalactic origin
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Ultra High Energy Cosmic Rays – Anisotropy

Large-scale anisotropies measured by the Pierre Auger Observatory Esteban Roulet
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Figure 1: Map in Equatorial coordinates of the CR flux above 8 EeV, averaged on top-hat windows of 45�

radius. The location of the Galactic plane is shown with a dashed line, and the Galactic center is indicated
with a star.

significant result is the right ascension modulation in the cumulative bin above 8 EeV that was con-
sidered in [3], which now gives d� = 0.060+0.010

�0.009. The overall distribution of the flux in this bin,
averaged on top-hat windows of 45�, is displayed in Fig. 1, showing a clear dipolar pattern. The
total dipole amplitude in this bin is d = 0.066+0.012

�0.008, and it points � 125� away from the direction of
the Galactic centre (shown with an asterisk), indicating that this anisotropy has an extragalactic ori-
gin. Considering the four energy bins above 4 EeV, a growth of the dipole amplitude with increas-
ing energy is found, which is approximately reproduced with the expression d = d10(E/10EeV)� ,
with d10 = 0.051±0.007 and � = 0.96±0.16. A fit with an energy-independent dipole amplitude
(� = 0) is disfavored at the level of 5.1� by a likelihood ratio test. These results are shown in
Fig. 2, where they are also compared to the predictions from Ref. [12] for scenarios of extragalac-
tic sources with a mixed CR composition compatible with that inferred by Auger, having a density
10�4 Mpc�3 and being sampled either form an isotropic distribution or according to the distribution
of galaxies in the 2MRS catalog. The direction of the dipolar anisotropy in the different bins is dis-
played in Fig. 3, in which the contours of equal probability per unit solid angle, marginalized over
the dipole amplitude, that contain the 68%CL range are displayed. In all cases, it turns out to be not

Figure 2: Energy dependence of the dipolar amplitude measured above 4 EeV. Also shown are the predic-
tions from scenarios [12] with extragalactic sources.

70

Large-scale anisotropies measured by the Pierre Auger Observatory Esteban Roulet

Figure 3: Reconstructed dipole direction in different energy bins, in Galactic coordinates. Dots indicate the
2MRS galaxies within 100 Mpc and the cross is the direction towards the flux weighted dipole.

Figure 4: Map in Galactic coordinates illustrating the changes induced by the Galactic magnetic field upon
an extragalactic dipolar CR distribution. Circles represent the original dipole direction outside the Galaxy
and the different points along the arrows show the directions that would be observed from Earth for E/Z =
32, 16, 8 and 4 EeV. The color code indicates the factor by which the observed amplitude gets reduced. The
gray ellipse indicates the direction of the reconstructed dipole for E � 8 EeV.

amplitude that is inferred from the observations. One can appreciate that the measured amplitudes
tend to increase with energy, from values typically smaller than about 1% below 1 EeV to values
above 6% above 10 EeV. Below 1 EeV the phases in most of the bins point near the Galactic
center direction, at �GC � �94�, although none of the determined amplitudes are significant. We
note that the values obtained at few PeV energies by the IceCube, IceTop and KASCADE-Grande
experiments [13, 14, 15], included in the figure, also point near the Galactic center direction.

This would suggest that the transition between a predominantly Galactic and an extragalactic
origin for the dipolar anisotropies is taking place somewhere between 1 and few EeV. Further
studies of the large-scale anisotropies in this energy regime will help to better characterize this
transition.
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ü Intermediate anisotropy: E>38 EeV (3.8!) Hints of sources (Starburst, AGN)Anisotropies of the highest energy Auger events Lorenzo Caccianiga

Figure 4: Zoom of the map in Figure 1 with the candidate sources that give the largest contribution to the
expected flux in the best-fit models based on ��AGNs (green) and starburst galaxies (yellow) superimposed.
The area of the stars is proportional to their contribution. The left panel displays a black circle with radius
27� centered at the position of the most significant flux excess, with also Cen A (the largest green star) and
NGC 4945 (largest yellow star) visible. Right: the south Galactic pole excess, with NGC 253 visible as the
largest yellow star.
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The Pierre Auger energy spectrum Valerio Verzi

Table 1: Relevant parameters of the data samples used to measure the energy spectrum.
1500 m � <60� 1500 m �>60� 750 m Hybrid Cherenkov

data taking period 01/2004-08/2018 01/2004-08/2018 01/2014-08/2018 01/2007-12/2017 06/2012-12/2015
exposure [km2 sr yr] 60426 17447 105.4 2248 at 1019 eV 2.86 at 1017 eV

number of events 215030 24209 569285 13655 69793
zenith angle range [�] 0 - 60 60 - 80 0 - 40 0 - 60 0 - 85
energy threshold [eV] 1018.4 1018.6 1017 1018 1016.5

energy resolution [%] 18 - 8 22 - 10 22 - 8 7.4 18
(from low to high E)

calibration parameters
number of events 3338 393 1179

A [EeV] 0.186±0.003 5.51±0.07 0.0132±0.0004
B 1.031±0.004 1.04±0.02 1.006±0.009
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Figure 5: Energy spectra measured using the Pierre Auger Observatory (left) and spectrum obtained com-
bining the different measurements (right).

� < 60� (see also [11]). Another measurement of the spectrum is obtained by analysing the hybrid
events detected by the FD simultaneously with at least one WCD. The measurement benefits from
the high precision in the FD energy estimation and is made selecting events with energy > 1018 eV.
The exposure is calculated using a full time-dependent simulation of the hybrid events and detector
response [12].

The spectrum measurements are extended to lower energies using the 750 m array. Thanks to
the implementation of a new trigger algorithm at the WCD level, in comparison to our previous
publication [2], we have been able to lower the energy threshold by half a decade down to 1017

eV [14]. This measurement is unique of its kind, similar to the one performed with the 1500 m
array, because it is done with an array in the regime of full trigger efficiency and using a fully data-
driven approach. Finally, as pioneered by the Telescope Array [15], for the first time we show the
spectrum derived using the events detected by HEAT in which the observed light is dominated by
Cherenkov radiation. This allows us to lower the energy threshold to 1016.5 eV [16] and, together
with the 750 m spectrum, to precisely study the spectral features around 1017 eV.

The parameters used to define the various spectra are detailed in table 1 and the measured
spectra multiplied by E3

i are shown in the left panel of figure 5. The spectrum obtained by com-
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Figure 1. Fluxes and spectra calculated within the Standard Model [42] for all particles, protons and nuclei. Fluxes are shown as function of
kinetic energy ϵk per nucleon. They are compared with the data of CAPRICE, ATIC-2, JACEE and KASCADE. The position of the knees
for all nuclei are given by ϵkn ≈ 3Z PeV. The end of Galactic spectrum is given by the iron knee ϵk ≈ 80 PeV. At higher energies Galactic
spectrum becomes very steep.

anisotropy, δ(E) ∝ Eµ, and in a too small traversed gram-
mage, Xcr ∝ E−µ. A possible solution was mentioned in
section 2.2.
It is interesting that another diffusion problem, the ob-

servation by PAMELA of the rise with energy in the e+/e−

ratio, may be solved within the SM [46] (see, however, the
criticism of this model in [47]). The basic idea presented
in [46] is the production of e+e−-pairs in pp-collisions in
situ, i.e. at the shock front. Secondary positrons are im-
mediately involved in the process of acceleration, in fact
more efficiently than primary electrons, because they al-
ready have a power-law energy spectrum. As a result, the
ratio e+/e− rises with energy. Of course, there were pro-
posed other mechanisms of positron production, e.g. from
pulsars [48, 49], from Dark Matter annihilation etc. (see
[50] for review and references), but it is important that
the positron excess can be successfully explained in the
framework of the SM GCR.
The difference in spectrum slopes for protons and He-

lium was considered for a long time as a serious prob-
lem for shock acceleration, which is the most important
component of the SM. This difference is presented in the
most precise way by the PAMELA experiment [51]; the
spectrum of Helium is harder. The slope difference is

small, but statistically it is reliably provided, γp − γHe =
0.1017± 0.0014.
Theoretically, the shock-wave acceleration does not dis-

tinguish among nuclei with equal rigidities. The predicted
spectrum is a decreasing power-law with an exponent de-
termined by the shock properties, i.e. the Mach number.
However, according to PAMELA, spectra are not exactly
power-law and the effective exponents are also different:
2.8 and 2.7 for protons and Helium, respectively. The un-
derstanding of these phenomena needs the inclusion of par-
ticle injection in the acceleration regime and the account
of the escaping particles from the accelerator. We shall
follow here the paper by Drury [52] with a clear physical
analysis and the works [53, 54] for calculations.
In the standard approach the spectrum is calculated for

particles accompanying the shock front, i.e. located within
the acceleration length upstream and downstream. This
spectrum differs from that of the escaping and captured
particles. The latter drift downstream and are trapped
there until the shock dies. They suffer adiabatic energy
losses and do not contribute to the HE part of the ob-
served spectrum. For escaping particles the exit model
must be specified. In section 2.1 we considered the exit
mechanism from [37]: at each time t particles accelerated
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Galactic CR: knees and acceleration

ü The knee as a signature of a rigidity 
dependent acceleration

ü The all particle spectrum is the result of 
the sum of the spectra of different 
species, with a cut-off energy rigidity 
dependent

EZ = ZEp
0

J.R. Horandel et al. (2003)

üMaximum energy of accelerated protons 
(need for “Pevatron” sources)
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U1
U2

X-rays observations
Typical size of the observed filaments ~ 10-2 parsec

Diffusive Shock Acceleration
ACCELERATION OF GALACTIC COSMIC RAYS 7
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Fig. 1. – Left Panel: High energy gamma ray emission as measured by HESS (colors) [32] and
X-ray emission (contours) in the 1-3 keV band measured by ASCA [33] for the SNR RX J1713.7-
3946. Right Panel: Tycho SNR as measured with Chandra [34] in the energy range 0.95� 1.26
keV (red), 1.63 � 2.26 keV (green), and 4.1 � 6.1 keV (blue). The higher energy emission is
concentrated in a thin rim and is due to non-thermal synchrotron emission of very high energy
electrons.

but are rather mediated by electromagnetic instabilities. This type of shock waves are185

referred to as collisionless shocks (see [36] for a review).186

Several aspects of the physics of these collisionless shocks are all but trivial. Since
the thermalization of these plasmas is directly linked to isotropization of the directions
of motion of particles crossing the shock surface, it is natural to expect that the temper-
atures of electrons and protons immediately behind the shock front are proportional to
the masses and therefore di↵erent for electrons and protons:

(9) kTe ⇡
3

2
mev

2 =
me

mp

kTp.

Coulomb collisions between electrons and protons eventually lead them to reach the same187

temperature, but the time necessary to achieve this situation often exceeds the age of188

the source, hence the equilibration is all but guaranteed in collisionless shocks. This is189

especially true for young SNRs, since for typical gas densities n ⇠ 0.1 � 1 cm
�3 typical190

of the average ISM, the thermalization time may be of several thousands years. On the191

other hand, collective processes at the shock crossing may lead to faster equilibration192

between electrons and protons, as shown by PIC simulations [37].193

Even partial equilibration between electrons and protons may produce observational194

signatures, such as the excitation of lines in the regime of non equilibrium ionization of195

heavy atoms such as Oxygen, which takes place whenever the electron temperature is196

above ⇠ 1 keV [38].197

The formation of collisionless shocks raises the important question about the mecha-198

nism for dissipation, needed in order to transform part of the kinetic energy of the plasma199

crossing the shock from upstream into thermal energy of the plasma downstream. The200

dissipation is expected to be qualitatively di↵erent depending upon the orientation of201

the background magnetic field, but in general connected with ion reflection at the shock202

itself. A discussion of dissipation at collisionless shocks can be found in [36], although203
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Comparison with the observed thickness
leads to a B-field estimate

B ' O(100µG)

ü Diffusion of charged particles back and forth 
through the shock leads to

ü Particles are accelerated to a power law 
spectrum

ü The slope of the spectrum depends only on 
the shock compression factor, in the case of 
strong shock (M>>1)  Q~E-2 .

ü The maximum acceleration energy depends 
only on diffusion in the shock region. The 
ISM magnetic turbulence (as it follows from 
B/C observation) is too low (providing only 
CR at GeV energy). It is needed additional 
turbulence to reach Emax ~105-106 GeV.

Q(E) / E��

�E ' E(4/3)(U1 � U2)/c
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Steep spectrum hard to explain with 
leptonic emission

The case of Tycho

ü SNIa exploded in roughly homogeneous ISM
(regular spherical shape)

ü From X-ray observations B~300 µG

ü Maximum energy protons Emax~500 TeV

ü Leptonic emission. ICS of relativistic electrons
on photon background has a flatter spectrum
respect to CR: E-(γ+1)/2

ü Hadronic emission. pp→π0→γγ conserves the
same spectrum of CR: E-γ

ü Important experimental confirmation of the
credibility level of theories based on DSA.
Space resolved gamma ray observations would
test different theoretical hypothesis.

G. Morlino and D. Caprioli: Strong evidences of hadron acceleration in Tycho’s Supernova Remnant 11
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Fig. 8. X-ray emission due to synchrotron (dashed line) and to
synchrotron plus thermal bremsstrahlung (solid line). Data from
the Suzaku telescope (courtesy of Toru Tamagawa).
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Fig. 9. Projected X-ray emission at 1 keV. The Chandra data
points are from Cassam-Chenaı̈ et al. (2007) (see their Fig. 15).
The solid line shows the projected radial profile of synchrotron
emission convolved with the Chandra point spread function (as-
sumed to be 0.5 arcsec).

tailed model of the line forest is, however, beyond the main goal
of this paper.

The projected X-ray emission profile, computed at 1 keV, is
shown in Fig. 9, where it is compared with the Chandra data in
the region that Cassam-Chenaı̈ et al. (2007) call region W. The
solid curve represents the resulting radial profile, already con-
voluted with the Chandra PSF of about 0.5 arcsec, and shows a
remarkable agreement with the data. As widely stated above, the
sharp decrease of the emission behind the FS is due to the rapid
synchrotron losses of the electrons in a magnetic field as large
as ∼ 300µG. In Fig. 9 we also plot the radial radio profile com-
puted without magnetic damping (dashed line); since the typical
damping length-scale is ∼ 3 pc, it is clear that the non-linear
Landau damping can not contribute to the determination of the
filament thickness.

It is worth stressing that the actual amplitude of the mag-
netic field we adopt is not determined to fit the X-ray rim profile,
but it is rather a secondary output, due to our modelling of the
streaming instability, of our tuning the injection efficiency and
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Fig. 10. Synchrotron emission calculated by assuming constant
downstream magnetic field equal to 100 (dotted line), 200
(dashed line) and 300 µG (solid line). The normalization of the
electron spectrum is taken to be Kep = 1.6 × 10−3 for all the
curves.

the ISM density in order to fit the observed gamma-ray emis-
sion (see the discussion in §3). We in fact checked a posteriori
whether the corresponding profile of the synchrotron emission
(which, in shape, is also independent on Kep), were able to ac-
count for the thickness of the X-ray rims and for the radio profile
as well.

4.3. Radio to X-ray fitting as a hint of magnetic field
amplification

Another very interesting property of the synchrotron emission is
that a simultaneous fit of both radio and X-ray data may provide
a downstream magnetic field estimate independent of the one
deduced by the rims’ thickness.

In fact, assuming Bohm diffusion, the position of the cut-off
frequency observed in the X-ray band turns out to be indepen-
dent of the magnetic field strength, actually depending on the
shock velocity only.

On the other hand, if the magnetic field is large enough to
make synchrotron losses dominate on ICS and adiabatic ones,
the total X-ray flux in the cut-off region depends only on the
electron density, in turn fixing the value of Kep independently
of the magnetic field strength. Moreover, radio data suggest the
slope of the electron spectrum to be equal to 2.2 at low energies,
namely below Eroll ≃ 200 GeV. Above this energy the spectral
slope has in fact to be 3.2 up to the cut-off determined by setting
the acceleration time equal to the loss time, as discussed in §2.5.

In Fig. 10 we plot the synchrotron emission from the down-
stream, assuming a given magnetic field at the shock and ne-
glecting all the effects induced by damping and adiabatic expan-
sion. The three curves correspond to different values of B2 =
100, 200 and 300µG, while the normalization factor Kep is cho-
sen by fitting the X-ray cut-off and it is therefore the same for all
curves. As it is clear from the figure, in order to fit the radio data
the magnetic field at the shock has to be >∼ 200µG, even in the
most optimistic hypothesis of absence of any damping mecha-
nism acting in the downstream.

As a matter of fact, synchrotron emission alone can provide
an evidence of ongoing magnetic field amplification, indepen-
dently of any other evidence related to X-ray rims’ thickness or

Morlino & Caprioli 2011



ESCAPE FLUX FROM
BOUNDARY

ESCAPE FROM SNR
AFTER EXPANSION

Escape of CR from accelerator – maximum energy Caprioliet al. 2009

Escape is the physical phenomenon that
transforms accelerated particles into CR.

CR injected

ü particles escaped during the
free expansion and Sedov-
Taylor phases (emission
peaked on pmax)

ü particles released in the ISM
after expansion

Streaming instability

Super-Alfvenic streaming of
CR leads to the excitation of
magnetic turbulence δB at the
resonant wavenumber k=1/rL.
Locally at the shock front this
turbulence can reach δB/B ~
50, while in the ISM δB/B<<1.

Maximum energy

ü particles escape

ü NOTE: Hillas criterion is an upper limit,
overestimates the actual maximum energy by a factor of c/Vsh

D(Emax)

Vsh
' �Rsh � < 1

rL(Emax) = Rsh
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Fig. 4. – Maximum energy of accelerated particles as a function of time for a Type Ia (left panel)
and a core collapse (right panel) SN explosion for typical values of the relevant parameters.
The magnetic field amplification is assumed to be due to a non-resonant hybrid CR induced
instability.

at earlier times, but the amount of mass processed at such times is small and the e↵ect767

on the overall spectrum of CRs released by the SNR the impact is small (see for instance768

Ref. [101]). A similar line of thought applies to type II SNRs: the maximum energy is769

higher for small ejecta mass, high energetics of the SN explosion and small mass loss rate770

in the wind. Typically, at the beginning of the Sedov phase the maximum energy is . 1771

PeV for protons. Maximum energy larger than 1 PeV can be achieved at early times, but772

the contribution of these stages of the SNR evolution to the CR spectrum provided by773

the remnant is subdominant. It should also be emphasized that the apparent continuous774

increase in the curves in Fig. 4 for shorter times after explosion is artificial: either the775

finite acceleration time or the role of energy losses limit such increase. These e↵ects need776

to be assessed on the case by case basis.777

It is worth recalling that the maximum energy is larger for heavier nuclei (helium in778

particular) if completely ionized, which might be interesting in the perspective of having779

the knee dominated by helium nuclei rather than protons. In this review I did not focus780

too much on the investigation of acceleration of nuclei, which is itself a complex issue:781

pioneering papers on the topic (see for instance [103]) showed that the injection of nuclei782

is related to processes of dust sputtering in the shock region. Recently PIC simulations783

have been used to investigate the preferential injection of heavy elements at collisionless784

shocks [104].785

6. – Indirect evidence for CR acceleration in SNRs786

While there is no doubt that SNRs are sites of cosmic ray acceleration, it is yet to be787

understood if they are the main providers of Galactic CRs, especially at energies close788

to the knee. SNRs have long been known as radio and X-ray sources, while gamma ray789

emission extending to > TeV energies has been detected more recently.790

Radio radiation is associated with synchrotron emission of non-thermal electrons,791

accelerated at the SNR shock. Electrons with energy E would radiate at frequency792

⌫ ' 3.7 MHz BµE(GeV)2. Magnetic field amplification, discussed above in this review,793

Blasi 2019

Galactic CR acceleration

ü In the framework of DSA
in SNRs the maximum
attainable energy seems
somewhat lower than
needed.

ü Type Ia SN 

ü Type II SN core collapse in its own wind 
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Figure 5. Light (i.e. p+He) component energy spectrum of primary CRs measured by ARGO-
YBJ with four different analyses. Data recorded with two different gain scales (G1 and G4)
are plotted. The systematic uncertainty is shown by the shaded area and the statistical one
by the error bars. The parametrizations provided by [20] and [3] are shown for comparison. A
Hörandel-like spectrum with a modified knee at Z×1 PeV is also shown.
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Figure 6. All particle and light (p+He) component energy spectra of primary CR measured by
ARGO-YBJ and compared to different experimental results. The parametrizations provided by
[20] and [3] are shown for comparison. A Hörandel-like spectrum with a modified knee at Z×1
PeV is also shown.

Galactic Cosmic Rays – The knee structure
All particle and light components (Argo-YBJ)P+HE SPECTRUM (YAC1-Tibet)

I. De Mitri, A. D’Amone, L. Perrone, A. Surdo (2016)J. Huang (2013)

ü Knee in the all particle spectrum  ~ 2 PeV

ü Knee in the light component  ~ 0.1 PeV

YAC1-Tibet and Argo-YBJ
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Figure 4. KASCADE and KASCADE-Grande reconstructed energy spectra of individual mass
groups.

5. Conclusion
The main conclusions of this research are that the spectrum of the heavy component of cosmic
rays exhibits a knee-like feature around 8 · 1016 eV, which is responsible for a subtle break
in the all-particle energy spectrum around the same energy value. For the second structure
found within the KASCADE-Grande energy range, the hardening of the all-particle spectrum
at ≈ 20PeV, the composition analysis is still in progress.

The overall experimental situation is compiled in figure 4, where the present KASCADE-
Grande results are compared with earlier KASCADE results as well as with the all-particle
spectra of various experiments.

It was found that QGSJet-II, the hadronic interaction model in use, can fairly well reproduce
the data and, in particular, provides a consistent solution on the elemental composition,
independent of the method in use. One has to remark, that using other hadronic interaction
models lead to significant changes in the relative abundances of the elemental groups as different
models predict different shower sizes for a certain energy and mass of the primary cosmic ray,
but we are confident that the obtained spectral form for the heavy and light component of the
cosmic ray spectrum remains unchanged.
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Kascade and Kascade-Grande

A. Haungs et al. (2013) ü The position of the p+He
knee is not clearly 
determined, discrepancies 
among experiments (high vs 
low altitudes?)

ü Uncertainties in the 
hadronic interaction models

ü Uncertainty in the maximum 
acceleration energy of 
galactic CR. 

ü Knee in the all particle 
spectrum  ~ 2 PeV

ü Knee in the heavy 
component  ~ 80 PeV

ü ”Recovery” in the light 
component ~ 100 PeV
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FIG. 4. (color online). The all-particle and electron-rich
spectra from the analysis [8] in comparison to the results of
this analysis with higher statistics. In addition to the light
and heavy spectrum based on the separation between He and
CNO, the light spectrum based on the separation on He is
also shown. The error bars show the statistical uncertainties.

resulting in a larger k -value. Especially helium events170

migrate (by calibrating with QGSJet-II) to the heavy
mass group. This effect might be slightly compensated
by the higher reconstructed energy of the events [18]. Us-
ing an EPOS calibration, the measured showers appear
to originate from lighter primaries and of lower energy175

compared to the QGSJet-II calibration. Figure 3 also
demonstrates that the selection of events according to
the k-parameter does not induce any artificial structures
in the spectra of light primaries. If the data are well
described by QGSJet-II, then the spectrum of light pri-180

maries with the separation between He and CNO should
consist mainly of protons and helium, maybe with some
additional, less abundant elements between helium and
carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II185

is in good agreement with the reconstructed spectrum of
light elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then190

the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum
for EPOS is similar to the reconstructed spectrum of light
primaries, which has been derived from EPOS generated
events using again the QGSJet-II based reconstruction195

and selection criteria. According to QGSJet-II, the spec-
trum of heavy elements for the same separation would
contain carbon and primaries heavier than that. For
EPOS it should also contain most of the helium com-
ponent.200

In Fig. 4, the results of the present analysis are shown.
To cross-check the results from [8] the all-particle spec-
trum and the spectrum of light primaries for the former
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FIG. 5. (color online). The reconstructed energy spectrum
of the light mass component of cosmic rays. The number
of events per energy bin is indicated as well as the range of
systematic uncertainty. The error bars show the statistical
uncertainties.

used area and data are compared with the ones obtained
with higher statistics from the present studies. Both all-
particle spectra and spectra of light elements based on
the separation between CNO and Si are in good agree-
ment. The spectra of light and heavy particles with
the separation between He and CNO are obtained us-
ing the separation-line shown in Fig. 2. The spectrum
of the heavy component, which now contains also the
medium mass component, exhibits a change of index at
E = 1016.88±0.03 eV and it therefore agrees inside the
corresponding uncertainty with the previous result [8] at
Eheavy

knee = 1016.92±0.04 eV. The hardening or ankle-like
feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the
CNO component. Although statistics gets quite low for
the spectrum of light elements with the separation on He
(obtained by a fit to the mean k -values for He in Fig. 2),
it is obvious that it cannot be described by one single
power law only. Formula (4) [19] is used for fitting the
spectra of the light and heavy components:

dI

dE
(E) = I0 · E

γ1 · [1 + (
E

Eb
)ϵ](γ1−γ2)/ϵ,

I0 : normalization factor,

γ1/2 : index before/after the bending,

Eb : energy of the break position,

ϵ : smoothness of the break.

(4)

As shown in Fig. 5, a change of the spectral index from
γ1 = −3.25± 0.05 to γ2 = −2.79± 0.08 at an energy of
1017.08±0.08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sep-
aration between He and CNO obtained by using the se-205

lection shown in Fig. 2. The measured number of events

W.D. Apel et al. (2013)
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At the lowest energies 
log(E/eV)=17.5 an 
increasing light component 
till log(E/eV)=18.5, with 
increasing energy the 
composition turns heavier. 
Uncertainties due to the 
hadronic interaction model 
assumed. 

Mixed Composition
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Critical Lorentz factor
The critical Lorentz factor fixes the
scale at which photo-disintegration
becomes relevant, for heavy nuclei
it is almost independent of the
nuclei specie

It is impossible to observe at the Earth
a pure heavy nuclei spectrum, even if
sources inject only heavy nuclei of a
fixed specie at the Earth we will
observe all secondaries (protons too)
produced by photo-disintegration.

Composition

Caveats on UHE nuclei 
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The combined effect of nuclei energy losses, mainly photo-disintegration, and injection 
implies that a steep injection increases the low energy weight of the mass composition  

Injection of nuclei: flat vs steep

The effect of an
Intergalactic 
Magnetic Field 
(IMF) can 
mitigate the 
conclusion on flat 
spectra allowing 
for steeper 
spectra γ≈2.

Note
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Auger chemical composition can be 
reproduced only assuming a very flat 
injection of primary nuclei  

�g = 1.0÷ 1.5

with a certain level of degeneracy in terms 
of the nuclei species injected
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Composition issue. Mixture of 80% p
and 20% He to reproduce Auger 
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with DSA acceleration and anisotropy 
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Extra Galactic Nuclei and Galactic light elements 



The Kascade-Grande observations seem to 
confirm the presence of an extragalactic 
light component with a steep injection 
spectrum.
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Figure 6. [Left panel] Fluxes of protons and nuclei in the case of two populations of extragalactic
sources with an injection parameters γg = 2.7, Ep

max
= 3 × 1019 eV for proton and helium and

γg = 1.0, Ep
max = 5 × 1018 eV for sources providing also heavier nuclei. Curves with different colors

show the sum of the flux of primaries with given mass number A0 and all secondaries produced by
the same nuclear species. The shadowed area shows the flux of all secondaries alone. [Right panel]
Kascade grande light component compared with extragalactic proton and helium with γg = 2.7 and
galactic proton and helium fluxes as computed in [47], with three different choices of the maximum
acceleration energy as labeled.
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Figure 7. Mean value of the depth of shower maximum ⟨Xmax⟩ and its dispersion σ(Xmax) as
measured by Auger [15] and in our calculations with the same choice of parameters as in figure 6.

elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, ∼ 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 − 1018 eV, with a steep light extragalactic component kicking in around ! 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been
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Kascade grande light component compared with extragalactic proton and helium with γg = 2.7 and
galactic proton and helium fluxes as computed in [47], with three different choices of the maximum
acceleration energy as labeled.
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elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, ∼ 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 − 1018 eV, with a steep light extragalactic component kicking in around ! 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been
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Different Classes of Extra Galactic Sources 



Transition at the ankle

ü Galactic light component between
0.1 EeV<E< 1 EeV.

ü Difficult to reconcile with anisotropy
and mass composition observations.

ü New kind of galactic very high
energy sources. Not compatible with
the standard model of DSA.

Transition at the II knee

ü Different injection light/heavy
(steep/flat) (Two classes of
extragalactic sources and/or
specific dynamics at the source).

ü Compatible with Kascade-Grande
observations.

ü Not too demanding respect to the
standard model of DSA.
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Figure 10. Fluxes of galactic and extra-galactic cosmic rays in the two cases of an additional
galactic component (left panel) and with two di↵erent types of extra-galactic sources (right panel).
Experimental data are the Auger data (red points) [18, 19], the Kascade data (purple points) [58] and
the average among di↵erent experiments (black points) as computed in [59].

injection spectrum �g  1.5 for the heavy component of UHECR. This conclusion can be
softened assuming the presence of Extra Galactic Magnetic Fields (EGMF) that, suppressing
the low energy tails of the spectra, allow a steeper injection of nuclei with �g = 2.0÷ 2.2, as
was recently suggested in [42].

The strength and distribution of EGMF are largely unknown, therefore it is hard to
quantify its actual impact on UHECR flux. From the experimental point of view the most
reliable observations of the EGMF are based on the Faraday rotation of the polarized radio
emission (for reviews see [43, 44, 45] and references therein). The upper limit on the Faraday
rotation measure (RM) in the EGMF, that follows from the observations of distant quasars,
gives RM < 5 rad/m2. It implies an upper limit on the EGMF on each assumed scale of
coherence length that, for example, according to [46], in an inhomogeneous universe corre-
sponds to Blc < 4 nG on a coherence scale lc = 50 Mpc. A theoretical tool that, in principle,
can be used to predict EGMF is given by magneto-hydrodynamic (MHD) simulations. The
main uncertainties in these simulations are related to the assumptions on the seed magnetic
field, that can be solved constraining the simulations with the observed density and velocity
fields of the local universe [47, 48]. The results of these constrained simulations shows weak
magnetic fields of the order of 1 ÷ 0.1 nG in filaments and of 0.1 ÷ 0.01 nG in voids. As
discussed in [49], EGMF could have an impact on the propagation of UHECR only for values
B � 1 ÷ 10 nG assuming a number density of sources around 10�5 Mpc�3, with an e↵ect
restricted to the low energy tail of the UHECR spectrum. Given the large uncertainties on
EGMF we decided not to include in our analysis the possible e↵ects of these fields.

4 Galactic and extra galactic cosmic rays

In this section we will discuss the issue of the transition between galactic and extra-galactic
cosmic rays.

The galactic cosmic rays fluxes we will use here are those recently published in [24],
computed taking into account that CR propagating in the galaxy may excite a streaming
instability when their motion becomes super-alfvenic, generating the conditions for their own
di↵usion. In [24, 25] a self-consistent solution of the transport equation was found taking into
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galactic component (left panel) and with two di↵erent types of extra-galactic sources (right panel).
Experimental data are the Auger data (red points) [18, 19], the Kascade data (purple points) [58] and
the average among di↵erent experiments (black points) as computed in [59].

injection spectrum �g  1.5 for the heavy component of UHECR. This conclusion can be
softened assuming the presence of Extra Galactic Magnetic Fields (EGMF) that, suppressing
the low energy tails of the spectra, allow a steeper injection of nuclei with �g = 2.0÷ 2.2, as
was recently suggested in [42].

The strength and distribution of EGMF are largely unknown, therefore it is hard to
quantify its actual impact on UHECR flux. From the experimental point of view the most
reliable observations of the EGMF are based on the Faraday rotation of the polarized radio
emission (for reviews see [43, 44, 45] and references therein). The upper limit on the Faraday
rotation measure (RM) in the EGMF, that follows from the observations of distant quasars,
gives RM < 5 rad/m2. It implies an upper limit on the EGMF on each assumed scale of
coherence length that, for example, according to [46], in an inhomogeneous universe corre-
sponds to Blc < 4 nG on a coherence scale lc = 50 Mpc. A theoretical tool that, in principle,
can be used to predict EGMF is given by magneto-hydrodynamic (MHD) simulations. The
main uncertainties in these simulations are related to the assumptions on the seed magnetic
field, that can be solved constraining the simulations with the observed density and velocity
fields of the local universe [47, 48]. The results of these constrained simulations shows weak
magnetic fields of the order of 1 ÷ 0.1 nG in filaments and of 0.1 ÷ 0.01 nG in voids. As
discussed in [49], EGMF could have an impact on the propagation of UHECR only for values
B � 1 ÷ 10 nG assuming a number density of sources around 10�5 Mpc�3, with an e↵ect
restricted to the low energy tail of the UHECR spectrum. Given the large uncertainties on
EGMF we decided not to include in our analysis the possible e↵ects of these fields.

4 Galactic and extra galactic cosmic rays

In this section we will discuss the issue of the transition between galactic and extra-galactic
cosmic rays.

The galactic cosmic rays fluxes we will use here are those recently published in [24],
computed taking into account that CR propagating in the galaxy may excite a streaming
instability when their motion becomes super-alfvenic, generating the conditions for their own
di↵usion. In [24, 25] a self-consistent solution of the transport equation was found taking into
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