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model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.
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SNRs: The galactic CR accelerators ?

2

Experimental proof ?
• Still no evidence for hadronic accelerators
• TeV γs can (still) be interpreted by
   Inverse Compton (IC)
• Diffuse γs suggest nearby sources with a
   hard spectrum
• Why are most SNRs not seen in TeV light ?
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for HESS) that would also be bright in the X-ray regime (as is, for
example, G0.9þ0.1). The existence of about ten such unknown
sources in this small region again seems unlikely. Any substantially
extended inverse Compton source would probably be a foreground
source along the line of sight towards the Galactic Centre region,
making any correlation with central molecular clouds entirely
coincidental.
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Figure 3 | Energy distribution of Galactic cosmic rays. g-ray flux per unit
angle in the Galactic Centre region (data points), compared with the
expected flux, assuming a cosmic-ray spectrum as measured in the solar
neighbourhood (shaded band). The spectrum of the region jlj , 0.88,
jbj,0.38 is shown using full circles. These data can be described by a power
law: dN/dE ¼ k[E(in TeV)]2G, with k¼ ð1:73^ 0:13stat ^ 0:35sysÞ£
1028 TeV21 cm22 s21 sr21 and a photon index G¼ 2:29^ 0:07stat ^ 0:02sys.
The shaded box shows the range of expectedp0-decay fluxes from this region
assuming a cosmic-ray spectrum identical to that found in the solar
neighbourhood and a total mass of 1.7–4.4 £ 107 solar masses in the region
jlj , 0.88, jbj ,0.38 estimated from CS measurements. Above 1 TeV an
enhancement by a factor of 3–9 relative to this prediction is observed. Using
independent mass estimates derived from submillimetre measurements24,
5.3 ^ 1.0 £ 107 solar masses, and from C18O measurements25, 3þ2

21 £ 107

solar masses, results in enhancement factors of 4–6 and 5–13, respectively
(see Supplementary Information). The strongest emission away from the
bright central source HESS J1745–290 occurs close to the Sgr B complex of
giant molecular clouds26. In a box covering this region (0.38 ,l,0.88,20.38
,b ,0.28), integrated CS emission suggests a molecular target mass of
6–15 £ 106 solar masses. The energy spectrum of this region is shown using
open circles. The measured g-ray flux (.1TeV) implies a high-energy
cosmic-ray density which is 4–10 times higher than the local value. Standard
g-ray selection cuts are applied here, yielding a spectral analysis threshold of
170GeV. The spectrum of the central source HESS J17452290 is shown for
comparison (using an integration radius of 0.148). All error bars show ^1
standard deviation.
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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer

light ➜ heavy

Knee by SNRs ?
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Figure 1. Above: X-ray image of the galaxy Pic-
tor A: a non-expanding jet extends across 360000
light years towards a hot spot at least 800000 light
years away from where the jet originates. Below:
XMM/p-n image of Pictor A in the 0.2–12 keV
energy interval, centred at the position of the left-
most spot in the upper panel, superimposed on
the radio contours of a 1.4 GHz radio VLA map.

Figure 2. The CB model of long-duration
GRBs [4]. A core-collapse SN results in a com-
pact object and a fast-rotating torus of non-
ejected fallen-back material. Matter (not shown)
abruptly accreting into the central object pro-
duces a narrowly-collimated beam of CBs, of
which only some of the “northern” ones are de-
picted. As these CBs move through the “ambient
light” surrounding the star, they Compton up-
scatter its photons to GRB energies [5].

3. The Cannonball Model

The “cannon” of the CB model is analogous
to the ones responsible for the ejecta of quasars
and microquasars. Long-duration GRBs, for in-
stance, are produced in ordinary core-collapse su-
pernovae (SNe) by jets of CBs, made of ordinary-
matter plasma, and travelling with high Lorentz
factors (LFs), γ ∼ O(103). An accretion torus is
hypothesized to be produced around the newly-
born compact object, either by stellar material
originally close to the surface of the imploding
core and left behind by the explosion-generating
outgoing shock, or by more distant stellar mat-
ter falling back after its passage [17,4]. A CB is
emitted, as observed in microquasars [15], when
part of the accretion disk falls abruptly onto the
compact object, see Fig. 2.

Do supernovae emit cannonballs? Up to last
year, there was only one case in which the data
was good enough to tell: SN1987A, the core-
collapse SN in the LMC, whose neutrino emission
was detected. Speckle interferometry measure-
ments made 30 and 38 days after the explosion
[18] did show two relativistic CBs (one of them
“superluminal”), emitted in opposite directions,
as shown in Fig. 3.

A. De Rújula / Nuclear Physics B (Proc. Suppl.) 151 (2006) 23–3224

Cannonball Model

Emax= 2A·mp·(γ2–1)
⇰ need to measure precise energy spectra 
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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer

light ➜ heavy

Knee by diffusion losses ?

p: 3⋅10 15 

CNO
Fe: 8⋅10 16

4

Emax ∝ R·B·Z

⇰ expect too large anisotropies... 
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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer

Knee by change of hadronic interaction ?

5

• Increasing part of energy
   remains unseen by EAS experiments.

Emax ∝ R·B·A LHC (pp)Tevatron (pp)

knee

• Neither a firm theoretical founding
  nor a real support by experiments
• Data from TOTEM, CASTOR, LHCf
   at LHC will be of great importance.
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Direct Measurements: RUNJOB, JACEE, ATIC...
Hareyama et al.,
ICRC 2005, Pune
(!nal results
of RUNJOB)

7

p and He spectra by RUNJOB 19
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Figure 1. Proton and Helium spectra obtained by full data of RUNJOB experiment(open and filled circle) together with
other direct observations[9, 10, 11, 12, 13, 14, 15].

critical for our understanding of the origin of CR and the acceleration mechanism, with these two sets of results
leading to quite different alternatives.

3. Conclusion

The proton and the helium spectra and thier ratio, helium/proton, were presented in this report that based
on full data in the energy range between 10 and 500 TeV/nucleon observed by RUNJOB experiment. The
both spectra are almost palarell with power index of 2.75 and the ratio is constant with value 0.05 lying
on the extrapolation line from those in the lower enegies. Moreover we observed a proton with PeV energy
directly. These results suggest the acceleration and propagation process of CRs depend on its rigidity, though
the statistics more than 100 TeV/nucelon is not enough to discuss the acceleration limit by supernovae. In
future, we need some direct observations in the energy range between 10 and 10 to clear the acceleration
limit connecting “knee” problem.
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• proton above 1015 eV detected !
• p-spectra agree
• He spectra almost a factor of 2 lower in RUNJOB
• slopes are almost parallel: E–2.7-2.8

• all-particle in RUNJOB ~ 40-50% less than in JACEE & SOKOL
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Data

Energy & Mass from EAS by KASCADE

CORSIKA Simulations

Islands of
fixed E & M

2-dim Ne-Nµ distribution

 system of
coupled Fredholm-Equations

CORSIKA
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E-spectra from KASCADE

Antoni et al., APP 24 (2005) 1

Unfolding with QGSJet01
GHEISHA 2002 for low energy interactions
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E-spectra from KASCADE

Antoni et al., APP 24 (2005) 1

More CNO & Iron with Sybill based unfolding

Antoni et al., APP 24 (2005) 1

Unfolding with SIBYLL 2.1
GHEISHA 2002 for low energy interactions
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E-spectra from KASCADE

Very proton dominant, no Iron
(too many muons in EPOS at high energies)

Unfolding with EPOS
GHEISHA 2002 for low energy interactions
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Effect of low-energy Model
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Minor Effect only 

Unfolding with QGSJet01
GHEISHA 2002  and Fluka for low energy interactions
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? E/Z or E/A ?

GQSJET               original            SIBYLL

Antoni et al., APP 24 (2005) 1
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? E/Z or E/A ?

GQSJET               EHe/2            SYBILL
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? E/Z or E/A ?

GQSJET               EHe/4            SYBILL
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the higher size bins (due to the limited statis-
tics), but below and just above the knee at
Log10ðNeÞ ¼ 5:92, the large v2 values indicate the
failure to reproduce the shape of the multiplicity
distribution (see Table 8).

3.4. Interpretation of the data

For a given size window, the contribution of
each primary mass group derives from a different
energy region: the higher the mass number, the
higher the corresponding energy. From the full
simulation chain we also calculate the probabilities
!aðE;DiNeÞ for a primary belonging to mass group
a (a¼L, H) and of energy E to give a coincident
event in the ith size window DiNe. To evaluate the
average mass composition we use a logarithmic
energy binning (3 bins per energy decade), starting
from 100 TeV/nucleus. From the simulation we
obtain the number of events (naj ðDiNeÞ) that a pri-
mary of mass group a will produce in the jth en-
ergy bin, when the detected size is in the windows
DiNe. Therefore the total number of events that the
primary mass group a produces in the size window
DiNe is the sum of naj ðDiNeÞ over the energy bins.

We require that the number of experimentally
observed events in the size window DiNe be equal
to:

N expðDiNeÞ ¼ pLðDiNeÞ
X

j

nLj ðDiNeÞ

þ pHðDiNeÞ
X

j

nHj ðDiNeÞ ð2Þ

where pL and pH are the fit coefficients for the
given size window DiNe. These are normalized, so
that pL ¼ 1% pH in each size window. This leaves
an overall renormalization factor K free in order to

satisfy Eq. (2), so we obtain the renormalized
quantities n&aj ¼ Knaj . The corrected estimated
number of primaries of mass group a for each size
window belonging to energy bin j can thus be
obtained by applying the efficiencies !aðEj;DiNeÞ:
ma

j ðDiNeÞ ¼ paðDiNeÞn&aj ðDiNeÞ=!aðEj;DiNeÞ ð3Þ

Then, since the jth energy bin may receive con-
tributions from different size windows, we have to
sum over i (the size window index):

Ma
j ¼

X

i

ma
j ðDiNeÞ

¼
X

i

paðDiNeÞn&aj ðDiNeÞ=!aðEj;DiNeÞ ð4Þ

ML
j and MH

j provide estimates of the energy spec-
tra of the L and H mass groups, presented in Fig.
4. There we plot the spectra starting from 103 TeV
since with our selection of size, this is the energy at
which the heaviest component has reached a sig-
nificant triggering efficiency. A steepening of the
light mass group spectrum is observed just at the
knee ('4 · 1015 eV), which amounts to Dc ¼
0:7( 0:4 assuming power law behaviours crossing
at the knee position. Although these distributions
cannot be used to obtain a direct representation of
the actual cosmic ray spectrum, due to the two
mass groups schematization and the choices of

Table 8
The v2 values resulting from the fits to the CNO (A ¼ 14)
component alone, as a function of shower size

Log10ðNeÞ window v2/Nd.o.f.

5.20–5.31 17.3/6
5.31–5.61 49.9/8
5.61–5.92 45.6/10
5.92–6.15 16.8/10
6.15–6.35 4.7/11
6.35–6.70 8.7/9

10 8
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Log10(E/TeV)

(E
) E
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5  (a

rb
. u

n.
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Heavy

Light

Fig. 4. Energy spectra estimates for L and H admixtures.

650 M. Aglietta et al. / Astroparticle Physics 20 (2004) 641–652

EAS-TOP & MACRO (TeV µs)

16

= p+He

= Mg+Fe

EAS-TOP Collaboration; Astrop. Phys., 20 (2004) 641

1.3 TeV µs
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What we have learned from KASCADE ...

knee structures in spectra of light elements

knee in all-particle spectrum caused by superposition

iron knee expected at ~1017 eV

Does the 2nd knee exist?

At which energy?

relation between 2nd knee

and expected iron knee?

few data between

5 x1016 eV and 1018
 eV
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to extragalactic cosmic rays?

composition result strongly dependent on used interaction model
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Proton Primaries: direct and EAS data
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direct and EAS data are of similar uncertainties
in which they agree well

 Protons 

d
d/

E 0 
E 

0 
 m

–2
–1

–1
2.

5
1.

5
sr

s 
Ve

G 
Fl

ux

Energy (eV)
10

11
10

12
10

13
10

14
10

15
10

16
10

17

i

® ® ® ® ®
® ®

®
a10 2

10 3

10 4
KASCADE QGSJET

KASCADE SIBYLL

KASCADE SH

EAS-TOP SH

   HEGRA
   Tibet As (HD) QGSJET

   Tibet As (PD) QGSJET

   Mt. Chacaltaya

Mt. Fuj

EAS-TOP

AMS
ATIC
BESS
CAPRICE 98
HEAT
Ichimur
IMAX
JACEE
MASS
Papini

RUNJOB
RICH-II
Ryan
Smith
SOKOL
Zatsepin

± 15 % in E



i

® ® ® ® ®
® ®

®
a10 2

10 3

10 4
KASCADE QGSJET

KASCADE SIBYLL

KASCADE SH

EAS-TOP SH

   HEGRA
   Tibet As (HD) QGSJET

   Tibet As (PD) QGSJET

   Mt. Chacaltaya

Mt. Fuj

EAS-TOP

AMS
ATIC
BESS
CAPRICE 98
HEAT
Ichimur
IMAX
JACEE
MASS
Papini

RUNJOB
RICH-II
Ryan
Smith
SOKOL
Zatsepin

± 15 % in E

Berezkho 07

Kobayakawa 02

Stanev 93

TeV Particle Astrophysics 2007, August 2007, Venice Karl-Heinz Kampert 

Proton Primaries vs Acceleration Models

21

 Protons 

d
d/

E 0 
E 

0 
 m

–2
–1

–1
2.

5
1.

5
sr

s 
Ve

G 
Fl

ux

Energy (eV)
10

11
10

12
10

13
10

14
10

15
10

16
10

17

Berezhko 07



TeV Particle Astrophysics 2007, August 2007, Venice Karl-Heinz Kampert 

Proton Primaries vs Propagation Models

22

 Protons 

Ogio & Kakimoto

Völk & Zirak.

Roulet

d
d/

E 0 
E 

0 
 m

–2
–1

–1
2.

5
1.

5
sr

s 
Ve

G 
Fl

ux

Energy (eV)
10

11
10

12
10

13
10

14
10

15
10

16
10

17

i

® ® ® ® ®
® ®

®
a10 2

10 3

10 4
KASCADE QGSJET

KASCADE SIBYLL

KASCADE SH

EAS-TOP SH

   HEGRA
   Tibet As (HD) QGSJET

   Tibet As (PD) QGSJET

   Mt. Chacaltaya

Mt. Fuj

EAS-TOP

AMS
ATIC
BESS
CAPRICE 98
HEAT
Ichimur
IMAX
JACEE
MASS
Papini

RUNJOB
RICH-II
Ryan
Smith
SOKOL
Zatsepin

± 15 % in E



TeV Particle Astrophysics 2007, August 2007, Venice Karl-Heinz Kampert 

Helium Primaries: direct and EAS data

23

• Uncertainties are significantly larger than for protons
• KASCADE (with QGSJET) may be a little high
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Berezhko & Völk
arXiv: 0704.1715

Even with much improved EAS data,
the origin of the knee remains uncertain,
mostly due to large uncertainties in
acceleration/propagation models

still more data being
analysed, LHC will
help as well

how to improve on
this side ?
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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer
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Supernovae ?

❷ Is there a 2nd Knee ?
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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer
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❷ Is there a 2nd Knee ?
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New & better data to come...
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KASCADE-Grande Nch-Spectrum
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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer
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2 Pasquale Blasi

important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer
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Ankle: composition helps to discriminate models?
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Xmax distribution
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Xmax distribution
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Auger 2007
HiRes 2007

mixed

Pure e+e- dip model in question
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Takami et al., arXiv:0704.0979

p-dip model
difficult...
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Figure 8:   Schematic telescope layout, shown in both positions - for installation and 

maintenance, and (in the lower right figure) for “normal” data taking in the “up” position. 

   

 

 We intend to monitor the dynamic behavior and possible distortions of the telescopes 

optical system inside the enclosure during the rotation to the “up” position or when it is 

subject to strong winds or large temperature changes as a students hardware analysis task.  

We plan to install an automatic monitoring system with Slow Control readout using 

inclinometers and laser based tape measures to verify our design goals. If this monitor should 

reveal some critical deformations, the modular frame of the enclosure can be easily reinforced 

ven more to reach sufficient stability. e

 Coupled to the steel frame is the shutter system. In contrast to the other FD buildings 

these shutters will be industrial standard folding gates (garage doors), not rolling gates as still 

indicated in the schematic drawings in figure 8. The reason for this new solution is to save 

space and gain reliability. In addition, installing a folding gate is less labour-intensive.  

The new design of the shelters with a partly inclined front wall would allow the use of 

an even smaller window opening than at the FD buildings. For simplicity reasons, however, 

we will keep all mechanical dimensions of the aperture (i.e. filter and corrector ring frames, 

fail safe curtain mechanics and connections to the calibration drum) as they are now.   

 Some minor modifications and necessary improvements in the connection of the drum 

to the enclosure are described in the calibration chapter below. For the operation of the fail 

safe curtains in the “up” position, a gravity operated system will give support to the drive. 
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Figure 11: Geometry of the additional telescopes with 40 degree separation in azimuth. 

 

 

Lateral shower distribution 

 

 At low energy, only nearby showers trigger the fluorescence detector. For these close-

by showers, the lateral distribution of the energy deposit becomes important. The light 

emitted at a certain depth is distributed over several camera pixels perpendicular to the 

shower axis. To be able to predict the correspondingly different trigger conditions, the light 

calculated from the one-dimensional CONEX profiles is distributed according to the lateral 

energy deposit distribution as given in [23]. An example of a simulated close-by event is 

shown in Fig. 12. The profile reconstruction algorithm [22] was modified accordingly to 

allow for an age dependent correction of the lateral light fraction not used to calculate the 

total amount of light at the aperture. 

  

 

 
 

 

Figure 12:  Simulated close-by shower with energy 10
17.5

 eV  and  Rp = 1.2 km. 
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‣ Vast progress on experimental data from knee to GZK-
region !  ... still more to come in near future

‣ Quality of data from EAS arrays suffer from interaction 
models.   ... LHC-forward expts will help here 

‣ Progress also in acceleration & propagation models
    ... but present uncertainties still too large
    ... how to improve, what data is needed ?

‣ Second knee suggestive but remains to be proven

‣ Ankle clearly oberved, but origin to be verified by
composition studies, ... again very model dependent

‣ HEAT & TALE will address this question

Knee & Ankle region is now a target of high resolution studies
Need to know their origin for a convincing picture of CR origin


