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Cosmic Rays
1. Direct measurements of cosmic rays
    Properties of cosmic rays below 1 TeV

2. Extensive air showers

3. Indirect measurements of cosmic rays
    Properties of cosmic rays above 1 TeV
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What are cosmic rays?

photons

neutrinos

electrons

fully ionized 
atomic nuclei
~1000/(m2 s)



Nobel Prize 1936

Discovery of cosmic rays
Viktor Franz Hess           7. August 1912



Discovery of cosmic rays
Viktor Franz Hess           7. August 1912



1931-34 A.H. Compton 12 expeditions  ~100 locations



~1930 „elementary particles“:
(1932)

(1897) (1923)

Discovery of new particles in cosmic rays
~1930 – 1950

birth of elementary particle physics

Cloud chamber
C.T.R. Wilson
Nobel prize 1927

p n
e- γ

charged neutral



Nobel prize 1936

6 mm Pb

B=1,5 T

e+

e+



1947 Discovery of the Pion

C.F. Powell
Nobel prize 1950

Pion:!nuclear interaction
! decay   π+/-  μ+/-  e+/-

! !    π0    γγ

mπ ~ 280 me





Cosmic-Ray Energy Spectrum
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dE
dE ≈ 1

eV
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Energy content of cosmic rays

energy density

LCR =
ρCR · VG

τesc
≈ 1041 erg

s

power in (galactic) cosmic rays

ρB =
B2

2µ0
≈ 0.25 eV/cm3

ρSL ≈ 0.3 eV/cm3

ρIR ≈ 0.4 eV/cm3

ρ3K ≈ 0.25 eV/cm3

for comparison:



Cosmic-Ray Energy Spectrum

knee 2nd knee ankle
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Origin of galactic cosmic rays
explored with complementary approaches

air shower
measurements

direct measurements
above the atmosphere

γ-ray astronomy

structures in E-spec.
end of gal. comp.

anisotropy
acceleration., propag.

sources
acceleration

B = 3 μG

elemental/isotopic
 composition

propagation in Galaxy



Relative abundance of elements at Earth

~ 1 GeV/n

Si = 100

JRH, Adv. Space Res. 41 (2008) 442 

Cosmic rays are „regular matter“, 
    accelerated to extremely high energies



Proc. 28th ICRC 4 (2003) 1899

ACE/CRIS
Experiment

Cosmic ray
source composition

Acceleration of cosmic rays out of a 
sample of well-mixed interstellar matter



H.E.S.S. Experiment
Namibia

SN R RX J1713.7-3946
H.E.S.S.: TeV-Gamma rays

ASCA: X-rays (keV)

F.A. Aharonian, Nature 432 (2004) 75

e-

~keV

γγ

π0

γ

~TeV

γ

p

p, O,
Fe

ASCA

Acceleration of particles in supernova remnant



H.E.S.S. Experiment
Namibia

H. Völk & E.G. Berezhko, A&A 451 (2006) 981

e-

~keV

γγ

Acceleration of particles in supernova remnant

π0

γ

~TeV

γ

p

p, O,
Fe

ASCA

SN R RX J1713.7-3946
H.E.S.S.: TeV-Gamma rays

ASCA: X-rays (keV)

maximum energy

velocity of shock

1st order Fermi acceleration

Lagage & Cesarsky, A&A 118 (1983) 223

Emax ≈ ZeβS B T VS βS =
VS

c

Emax ≈ Z · 100 TeV . . . Z · 5 PeV



E1 = E0 · ξ

Ek = E0(1 + ξ)k

Nk = N0 · P k
esc

k =
ln(Ek/E0)
ln(ξ + 1)

=
ln(Nk/No)

lnPesc

Nk

N0
=

�
Ek

E0

� ln Pesc
ln(ξ+1)

Fermi acceleration
particle gains small amount of energy

after k interactions

escape probability Pesc

power law



N(E) dE ∝ E−2 dE

∆E

E
∝ Us

c

1st order Fermi acceleration at strong shock

Supernova remnant (SNR) 
Cassiopeia A

Bell, Blanford,Ostriker (1978)

power law with spectral 
index -2.0 ... -2.1

energy gain

rest system of unshocked ISM

rest system of shocked ISMrest system of shock front

rest system of unshocked ISM



Pathlength of 
cosmic rays

spallation

C    B + n + p

g/cm2

kesc !
26:7b g=cm2

bR
1:0 GV

! "d " bR
1:4 GV

! "#1:4 ; $4%

with d = 0.58 (Yanasak et al., 2001). The lines in Fig. 4 cor-
respond to this function with a path length at 2 GeV/n
around 13 g/cm2 decreasing to &2 g/cm2 at 100 GeV/n.

However, at high energies a path length according to (4)
decreases as kesc ! E#d and reaches extremely small values.
They should result in large anisotropies of the arrival direc-
tion of cosmic rays, not observed by experiments (Ptuskin,
1997; Hörandel et al., 2007). To sustain a suitable path
length at high energies a residual path length model has
been proposed, assuming the relation krp = [6.0 ·
(R/10 GV)#0.6 + 0.013] g/cm2 for the escape path length
(Swordy, 1995). Recent measurements of the TRACER

experiment yield an upper limit for the constant term of
0.15 g/cm2 (Müller et al., 2005).

The spallation processes during the cosmic-ray propaga-
tion influence also the shape of the spectra. Usually, it is
assumed, that the energy spectra of all elements have the
same slope, i.e. the same spectral index at the source. Tak-
ing the energy dependence of the spallation cross sections
and the path length of the particles in the Galaxy into
account, it is found that at Earth the spectra of heavy
nuclei should be flatter as compared to light elements
(Hörandel et al., 2007). For example, the spectral index
for iron nuclei should be about 0.13 smaller than the corre-
sponding value for protons. Indeed, direct measurements
indicate that the spectra of heavy elements are flatter as
compared to light elements (Hörandel, 2003a), e.g. the val-
ues for protons cp = 2.71 and iron cFe = 2.59 di!er as
expected. This e!ect could be of importance for the propa-
gation of ultra-heavy nuclei and their possible contribution
to the all-particle spectrum to explain the second knee
around 400 PeV (Hörandel et al., 2007).

During the propagation also radioactive secondary
nuclei are produced (fifth term in (3)). Their abundance
can be used to estimate the spatial distribution of the matter
traversed or the cosmic-ray confinement time in the Galaxy
if the half-life time is comparable to the confinement time
(Garcia-Munoz et al., 1975; Simpson and Garcia-Munoz,
1988). Measuring the abundance of the isotopes 10Be (s1/2 =
1.51 · 106 yr), 26Al (s1/2 = 8.73 · 105 yr), 36Cl (s1/2 =
3.07 · 105 yr), and 54Mg (s1/2 = (6.3 ± 1.7) · 105 yr) with
the ACRE/CRIS experiment, the propagation time in the
Galaxy has been determined to be sesc = (15.6 ± 1.6) ·
106 yr (Yanasak et al., 2001).

In the Leaky Box model, the product qISMsesc is propor-
tional to the escape path length kesc = sescqISMbc. Knowing
kesc and sesc, thus allows to determine the average density
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Fig. 3. Abundance of elements in cosmic rays as function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100.
Abundance for nuclei with Z 6 28 according to Simpson (1983). Heavy nuclei as measured by ARIEL 6 (Fowler et al., 1987), Fowler et al. (1977), HEAO
3 (Binns et al., 1989), SKYLAB (Shirk and Price, 1978), TIGER (Lawrence et al., 1999), TREK/MIR (Weaver and Westphal, 2001), Tueller et al. (1981),
as well as UHCRE (Donelly et al., 1999). In addition, the abundance of elements in the solar system is shown according to Lodders (2003).
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Fig. 4. Abundance ratio of boron to carbon and scandium + vanadium to
iron in cosmic rays as function of energy as measured by the ACE/CRIS
(Yanasak et al., 2001) and HEAO-3 (Engelmann et al., 1990) experiments.
The curves correspond to a Leaky Box model (4).

J.R. Hörandel / Advances in Space Research 41 (2008) 442–463 445

   =10 g/cm2

  =5 g/
cm2

primary/secondary-ratio

λ(E) ∝ E−0.6

N. Yanasak, ApJ 563 (2001) 768



5 g/cm2
Λ(E) ~ E-0.6 + Λ0

10 g/cm2

Cosmic-ray propagation

Radius of particle in magnetic field

r[pc]=1.08*E[PeV]/B[µG]

1 PeV 100 PeV
0.36 pc 36 pc

?

Λ =
26.7β

(βR)0.58 +
�

βR
1.4

�−1.4 + Λ0

Leaky box model

N. Yanasak et al., ApJ 563 (2001) 768

B/C ratio



λesc = 5− 10 g/cm2

r = r0A
1/3 r0 = 1.3 · 10−13 cm

n = 1/cm3

σp−A = π(rp + r0A
1/3)2

λp−p = 21 g/cm2

λp−Fe = 1.6 g/cm2

λp−A =
ρ

σp−A · n

ρ = 1.67 · 10−24 g/cm3

Pathlength vs. interaction length

pathlength in Galaxy

interaction length
nuclear radius

ISM: protons 

cross section

interaction length



dN

dE
∝ Eγ

0

Escape
Leakage from Galaxy

Shape of energy spectrum

at source γ ~ -2.1
fragmentation
σ ~ A2/3

Escape
Leakage from Galaxy

at Earth γ ~ -2.6 to -2.7



„Age“ of galactic cosmic rays

10Be  10B + e-   (τ=2.4 106 a)

τ = 17*106 a

10Be 10B

e-

Residence time in Galaxy



∂Ni

∂t
= ∇(Di∇Ni)−

∂

∂E
(biNi)− nνσiNi −

Ni

γτi
+ Qi +

�

j>i

nνσijNj +
�

j>i

Nj

γjτij

Transport equation for cosmic rays in the 
Galaxy

energy loss (Bethe Bloch)

loss through interactions 
! with ISM (spallation)

loss through radioactive decay

source term

production through spallation 
! of heavy neulcei

production through decay 
! of heavy nuclei

diffusion



Transition Radiation Array for Cosmic Energetic Rays

Geometric factor: 5 m2 sr 1600 proportional tubes total

charge

dE/dx
trajectory

energy

suppress 
low energy 
particles

TR
trajectory

energy



Ft. Sumner, New Mexico
1 day 1999

McMurdo, Antarctica
10 days 2003

8 ≤ Z ≤ 26

5m2 sr  -  currently the largest cosmic-ray detector on balloons

Transition Radiation Array for Cosmic Energetic Radiation
Kiruna, Sweden
4 ½ days 2006
4 ≤ Z ≤ 26

Direct measurement of the composition of cosmic rays from 
0.5 to 10,000 GeV/amu with single elemental resolution
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Lorentz factor γ

Cherenkov:
0.5 – 10 GeV/amu

(n=1.49)

Specific Ionization in 
gas:
10 – 1000 GeV/amu

TRD:
400 – several 10,000 GeV/
amu

L ~ (1 – 1/n2β2) dE/dx ~ 1/β2 ln (E) TR = dE/dx + x-rays

all signals scale with Z2

Combined responses for energy measurements over 4 decades:









TRACER - Charge Identification

E

Z

Resolution (in charge units) 
O:   0.3       
Fe:  0.5

C

O

Ne Mg
Si

S

S

Ca

Fe

square root of
scintillator and Cerenkov signals

D. Müller et al., ICRC 2007



TRACER Energy Spectra for individual elements

D. Müller et al., ICRC 2007



Author's personal copy

Figure 5. Energy spectra of main elements in
cosmic rays [68] and [69] (pg. 254).

support for ACCESS: the transition radiation
detector TRACER, the calorimeter ATIC, and
CREAM, combining both techniques. Unfortu-
nately, NASA did not select ACCESS for flight
neither on the ISS nor as a free-flyer, leaving the
balloon payloads as the source of new results.
All three experiments are part of the Long Du-
ration Balloon program of NASA [84], providing
circumpolar flights from McMurdo, Antarctica.
The present record holder in floating time is the
CREAM experiment with balloon flights in the
seasons 2004/5, 2005/6, and 2007/8 with flight
durations of 42, 28, and 29 days, respectively. As
can be inferred from Fig. 5 the three experiments
deliver results at the highest energies.

The abundances of elements heavier than iron
are measured with TIGER [85].

PAMELA, a new space based experiment has
been launched in June 2006 and first data have
been published [86]. Main components are a mag-
net spectrometer, a time-of-flight system, an elec-
tromagnetic calorimeter, and a neutron detector.

Energy(GeV/n)
1 10 210 310

B/
C 

Ra
tio

-210

-110

1

Figure 6. Boron-to-carbon ratio in cosmic rays
as measured by the CREAM balloon experiment
(circles) and the HEAO-3-C2 space experiment
(asterisks) [87]. The thin lines represent statisti-
cal uncertainties, the grey bands indicate system-
atic uncertainties.

PAMELA is expected to yield precise informa-
tion on electrons, positrons, cosmic-ray nuclei,
and anti-nuclei up to energies of several 100 GeV.

To distinguish between different propagation
models of cosmic rays in the Galaxy it is of in-
terest to measure the ratio of secondary to pri-
mary cosmic rays, e.g. the boron-to-carbon ratio4.
Measurements indicate that propagation in the
Galaxy is energy dependent with the mean path
length λ traversed decreasing with increasing en-
ergy λ = λ0(R/R0)δ, with the rigidity R = E/z,
where E is the energy and z the charge of the
particle. Current data, up to about 100 GeV/n,
indicate a fall-off in energy with an exponent of

4Attention should be payed to not confuse secondary cos-
mic rays, produced during the propagation process in the
Galaxy, with secondary particles, produced in air showers
inside the atmosphere.

J.R. Hörandel / Nuclear Physics B (Proc. Suppl.) 196 (2009) 341–355346

Energy spectra of 
main elements in 
cosmic rays



TRACER Energy Spectra for individual elements

Λ0=0.1 g/cm2   residual path-length
D. Müller et al., ICRC 2007
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1. Direct measurements of cosmic rays
    Properties of cosmic rays below 1 TeV

2. Extensive air showers

3. Indirect measurements of cosmic rays
    Properties of cosmic rays above 1 TeV



P.M.S. Blackett
Nobel prize 1948

10 t solenoid
30 cm cloud chamber
1934

pair production
γ e+  e-

E = mc2

γ



Electromagnetic cascades B. Rossi 1933

γ  e+ e-

e+/-  γ



1939 B. Rossi: life time

Chicago

Denver

Echo Lake

Mt. Evans

life time τ ~ 2 µs µ  e + ...

Discovery of the muon
1937 Anderson & Neddermeyer:     µ in cloud chamber

mµ ~ 200 me



W. Kolhörster et al., Naturwiss. 26 (1938) 576
P. Auger et al., Comptes renduz 206 (1938) 1721



11 λi

30 X0

Proton 1015 eV:
at ground
106 particles
 80% photons
 18% elektr./positr.
1.7% muons
0.3% hadrons

electromagnetic hadronic muonic

shower component

π0 np π+
π-

µ-

e-

µ+

µ-

γ
γ

e+
e-

e-

e+

p

π+

p
π-

p n
π-

π-

p
n

n

π0

π0

γ
γ

e+
e-

e- e+

γ
γ

Extensive air showers



J. Matthews, Astrop. Phys. 22 (2005) 387 

A Heitler Model – Electromagnetic Cascades

pair production γ  e++e-

bremsstrahlung e  e+γ

radiation length X0=36.7 g/cm2

splitting length d=X0 ln2

E = E0/N Ee
c = 85 MeVcritical energy energy per particle 

nc =
ln

�
E0
Ee

c

�

ln 2
Nmax = 2nc =

E0

Ee
c

number of particles at shower maximum

N = 2n = exp
�

x

X0

�
x = nX0 ln 2after n splitting lengths: and

JRH, Mod. Phys. Lett. A 22 (2007) 1533



A Heitler Model – Electromagnetic Cascades

depth of shower maximum

Xγ
max = ncX0 ln 2 = X0 ln

�
E0

Ee
c

�
≈ 597

g
cm2

+ 84
g

cm2
lg

�
E0

PeV

�

number of electrons at shower maximum

Nmax
e =

E0

gEe
c

≈ 9.0 · 105 E0

PeV
g ≈ 13

JRH, Mod. Phys. Lett. A 22 (2007) 1533



A Heitler Model – Hadronic Cascades

interaction length λi
π-air~120 g/cm2

„critical energy“ Ec
π~20 GeV

hadronic interaction π+A  π0 + π+ + π-

π hadronic interaction
 decay

in each interaction 3/2Nch particles:        Nch π+- and ½ Nch π0       Nch ~ 10 

Nπ = (Nch)n Eπ =
E0�

3
2Nch

�nafter n interactions

nc =
lnE0/Eπ

c

ln 3
2Nch

= 0.85 lg
�

E0

Eπ
c

�
after nc interactions Eπ=Ec

π:

superposition model
particle (E0,A)  A proton showers with energy E0/A

JRH, Mod. Phys. Lett. A 22 (2007) 1533



A Heitler Model – Nμ and Ne
Number of muons at shower maximum

Eem

E0
=

E0 −NµEπ
c

E0
= 1−

�
E0

AEπ
c

�β−1

Number of electrons at shower maximum

JRH, Mod. Phys. Lett. A 22 (2007) 1533

Nµ = Nπ = (Nch)nc

lnNµ = nc lnNch = β ln
�

E0

Eπ
c

�

Nµ = A

�
E0

AEπ
c

�β

=
�

E0

Eπ
c

�β

A1−β ≈ 1.7 · 104 · A0.10

�
E0

1 PeV

�0.90

Ne =
Eem

gEe
c

≈ 6 · 105 · A−0.046

�
E0

1 PeV

�1.046



Nµ|A=const ≈ 0.18A0.14N0.86
e

Nµ|E0=const ≈ 5.77 · 1016

�
E0

1 PeV

�
N−2.17

e

Ne

Nµ
≈ 35.1 ·

�
E0

A · 1 PeV

�0.15

Ne-Nμ ratio

A Heitler Model – Nμ vs. Ne

A E

Ne-Nμ plane

estimator for mass A of primary particle

Eµ>100 MeV
Ee>0.25 MeV

JRH, Mod. Phys. Lett. A 22 (2007) 1533



Xp
max = λp−air

i ln 2 + X0 ln
�

κE0

3NchEe
c

�
A Heitler Model – Xmax

Xp
max = ξ ln 2−X0

�
3N0Ee

c

κ · PeV

�
+ Λp lg

�
E0

PeV

�

Λγ = X0 ln 10 ≈ 84.4g/cm2

Λp = X0 ln 10− ηX0 ln 10 + ζ ln 2 ≈ 70g/cm2

elongation rate
e/m shower
proton shower

estimator for mass A of primary particle

Xmax for heavy nuclei

λp−air
i = ξ + ζ lg

E0

PeVproton air interaction length
ζ=-4.88 g/cm2

Nch = N0

�
E0

PeV

�η

multiplicity of charged particles produced in π-N interactions η=0.13

JRH, Mod. Phys. Lett. A 22 (2007) 1533



KArlsruhe Shower Core and Array DEtector

T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490

Simultaneous measurement of
electromagnetic, 
muonic,
hadronic
shower components

200 m200 m

e-/+

µ-/+



Event reconstruction in the scintillator array

shower core Δr = 2.5 – 5.5 m

shower direction Δα = 0.5° – 1.2°

shower size ΔNe/Ne = 6 – 12 %

electromagnetic component



Two dimensional shower size spectrum lg Ne vs. lg Nμ

KASCADE

E0

A

T. Antoni et al., Astropart. Phys. 24 (2005) 1



Ne|E0
= 5.30 · 107(E0/PeV)1.37N−0.46

µ

Ne|A = 7.24 · A−0.16N1.16
µ

Ne|Xmax
=

Xmax + 287.9 g/cm2

569.6 g/cm2 + 1.02Nµ

Air showers in the Ne - Nµ plane
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P. Doll et al., ICRC 2007

Muon production height – KASCADE muon tracking detector!
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Muon production height – KASCADE muon tracking detector
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Problem: energy dependence of αs

 different phenomenological
     approximations to QCD

interpretation of air shower 
data depends on hadronic 
interaction model used

Hadronic interaction models
Energy flow in collider experiments

tra
nsv

ers
e

total

LHC (Ecms=17 TeV)
         Elab~ 1017 eV



KASCADE 
Hadron 

Calorimeter
320 m2 x 9 layers
liquid ionization chambers
44 000 electronic channels
EH > 20 GeV

J. Engler et al., Nucl. Instr. Meth.  A 427 (1999) 528



σ(E)
E

[%] ≈ 250�
E/GeV

energy resolution: 

Reconstruction of hadrons

spatial resolution:
σx ~ 10 – 12 cm

angular resolution:
σΘ ~ 1° - 3°

Unaccompanied hadron
EH = 6.6 TeV



Hadronic shower core
E0 ~ 6 PeV

May 7th, 2002  9:45

Number of reconstructed hadrons  Nh = 143

20 m

16
 m



Hadronic shower core
E0 ~ 6 PeV

May 7th, 2002  9:45

Number of reconstructed hadrons  Nh = 143
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QGSJET 01
Number of hadrons vs. number of muons

Contemporary models with composition

χ2 distribution

Ne-Nµ analysis

J. Milke et al., 29th ICRC, Pune (2005)



Xsim −Xmeas

Xmeas

KASCADE – Test of EPOS 1.6
ΣEh – Nµ

EPOS delivers not enough 
hadronic energy to the ground

 EPOS 1.6 is NOT CONSISTENT 
with KASCADE observations!

W.D. Apel et al., J. Phys. G 36 (2009) 035201

ΣEh – Nh

 energy per hadron too small

J. Phys. G: Nucl. Part. Phys. 36 (2009) 035201 W D Apel et al
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Figure 9. Relative hadronic energy sum (
!

Esim
h !

!
Emeas

h )/
!

Emeas
h (left) and relative

maximum hadron energy (right) as a function of the reconstructed number of hadrons for two
interaction models and two primary particle species.

interval as above. Again, EPOS predictions for two particle species are compared to measured
data. As for the other observables discussed, the measurements should be ‘bracketed’ by
the predictions for proton and iron-induced showers. However, the EPOS predictions exhibit
clearly different behavior. For most Eh

"
Emax

h ratios the measured values are outside the
proton–iron range given by the model.

The investigations of the energy spectra confirm the above findings that EPOS predictions
are not compatible with KASCADE data.

3.4. Hadron–hadron correlations

In the previous discussions it has already been seen that EPOS delivers less energy in the form
of hadrons to the ground level as compared to QGSJET 01. Therefore, it is an interesting
exercise to investigate also the correlations of the purely hadronic observables with each other.
Examples of such correlations are presented in figure 9, depicting the hadronic energy sum
(left) and the maximum hadron energy per shower (right). The predicted values are again
plotted relative to the measured quantities to visually magnify the differences between the
model predictions. In the figure the quantities are plotted as a function of the number of
hadrons Nh. Due to the steeply falling energy spectrum and the Nh ! E0 correlation (see
figure 3) a sampling of the data in Nh intervals yields an enrichment of light particles.
Therefore, the data are expected to look very ‘proton like’. Indeed, for QGSJET the proton
predictions are very close to the ‘zero line’, i.e. to the KASCADE measurements. It should
also be mentioned that (within the error bars) the QGSJET predictions ‘bracket’ the measured
values. In contrast, the EPOS predictions for both primary species are below zero for both
observables shown in the figure. The EPOS predictions for protons are at the lower bound of
the 15% systematic uncertainty for the hadronic energy sum. Thus, they are barely compatible
with the data. However, it should be stressed that the QGSJET predictions for protons really are
at values around zero as expected. This indicates that the systematic effects might be smaller
than estimated and the EPOS predictions are not compatible with the measurements. From all
observables investigated the hadron–hadron correlations exhibit the strongest incompatibility
between the EPOS predictions and the KASCADE data.
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Figure 6. Number of electrons as a function of muons (Ne ! Nµ plane). The measured two-
dimensional shower size distribution (grey shaded area) is compared to most probable values as
predicted by two interaction models for two primary species.
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Figure 7. Number of hadrons observed (left) and reconstructed hadronic energy sum (right) as a
function of the registered number of muons for proton and iron-induced showers. The predictions
of two interaction models are shown relative to the measured values.

energies, such behavior seems to be extremely unrealistic. This study illustrates that it would
be very useful to measure the energy spectra of individual elements directly up to the knee
region. Such data would be very helpful to verify the interaction codes utilized in air shower
simulations.

3.3. Hadron–muon correlations

The differences already seen in figure 3 are not directly accessible in measurements, since the
energy of the primary particle cannot be inferred directly. To check the validity of interaction
models it is therefore suitable to plot observable quantities against each other such as e.g.
the number of registered hadrons or the observed hadronic energy at the ground level as a
function of the number of muons as depicted in figure 7. Again, the model predictions are
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Figure 10. Inelastic cross sections for proton–air (left) and neutron–carbon (right) collisions
as predicted by various interaction models. The symbols represent experimental data,
left: KASCADE prototype calorimeter (dots) [31], Yodh et al (squares) [32], ARGO-YBJ
(triangles ! 100 GeV) [33] and EAS-TOP (triangle ! 2000 GeV) [34]; right: Roberts et al
[35].

4. Summary and conclusions

Predictions of air shower simulations using the CORSIKA code with the hadronic interaction
models EPOS 1.61 and QGSJET 01 have been compared to measurements of the KASCADE
experiment. Various observables of the electromagnetic, muonic and hadronic component have
been investigated and the correlations between them have been analyzed. They have been
used to check the compatibility of the EPOS predictions with the KASCADE measurements.

The findings can be summarized as follows. The investigations of the hadronic observables
exhibit that EPOS does not deliver enough hadronic energy to the observation level and the
energy per hadron seems to be too small. In the Ne " Nµ plane the EPOS showers are
shifted to lower electron and higher muon numbers relative to QGSJET 01. When the mass
composition of cosmic rays is derived from measured values this effect leads to a relatively
light mass composition. In summary, there is a significant discrepancy between the EPOS
(version 1.61) predictions and the KASCADE data. The EPOS predictions are not compatible
with the measurements.

Most likely the incompatibility of the EPOS predictions with the KASCADE
measurements is caused by too high inelastic cross sections for hadronic interactions
implemented in the EPOS code. To illustrate this, the proton–air and neutron–carbon cross
sections as predicted by different models are displayed in figure 10. It can be recognized
that the EPOS 1.61 values mark the upper limit of the variations exhibited by the different
models. Already at moderate energies in the 100 GeV regime a clear difference between the
models is visible. In particular, the example of the neutron–carbon cross section illustrates that
even at energies accessible to today’s accelerator experiments, the models contain different
descriptions of the inelastic hadronic cross sections. According to the authors of the EPOS
code, a new version is in preparation with lower cross sections. It is expected that the
predictions of this version are in better agreement with air shower data. Further studies shall
be presented in a follow-up publication.

The results presented also underline the importance of measuring hadronic observables in
air shower experiments. They provide the most sensitive available means of investigating the
properties of hadronic interactions at very high energies and kinematical ranges to complement
accelerator experiments.
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KASCADE – Test of EPOS 1.6

W.D. Apel et al., J. Phys. G 36 (2009) 035201

Inelastic cross sections
proton - air neutron - carbon

cross sections in EPOS 1.6 too large
    new version under preparation
    forthcoming studies



Jörg R. Hörandel
Radboud University Nijmegen http://particle.astro.kun.nl

Cosmic Rays
1. Direct measurements of cosmic rays
    Properties of cosmic rays below 1 TeV

2. Extensive air showers

3. Indirect measurements of cosmic rays
    Properties of cosmic rays above 1 TeV



acceleration of CR in 
supernova remnants

extensive air showers

New particle physics in 
atmosphere

B = 3 μG

propagation through galaxy

Leakage from Galaxy:
escape probability ~ f(Z)

Interactions with 
background particles 
(photons, neutrinos)

Fermi acceleration
finite lifetime of shock front:

Emax ~ Z  1015 eV

CNO

mass dependent
cut-off  Ek ~ A

rigidity dependent
cut-off  Ek~ Z ?

JRH, Astrop. Phys. 21 (2004) 241



Two dimensional shower size spectrum lg Ne vs. lg Nμ

KASCADE

derive E0 and A from Ne and Nμ data
Fredholm integral equations of 1st kind:

E0

A

T. Antoni et al., Astropart. Phys. 24 (2005) 1



KASCADE: Energy spectra for elemental groups

T. Antoni et al., Astropart. Phys. 24 (2005) 1

Knee caused by cut-off for light elements
Astrophysical interpretation limited by 
description of interactions in the atmosphere



T. Antoni et al., Astropart. Phys. 24 (2005) 1

Knee caused by cut-off for light elements
Astrophysical interpretation limited by 
description of interactions in the atmosphere

KASCADE: Energy spectra for elemental groups



W.D. Apel et al., Astropart. Phys. 31 (2009) 86

KASCADE: Energy spectra for elemental groups

Low energy interactions
FLUKA  GHEISHA

Different zenith angle 
bins

knee in all-particle energy spectrum caused 
by cut-off of light components



Muon production height – KASCADE Muon Tracking Detector
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Figure 3. Energy spectra for different effective
muon production height H

A
µ for 0o − 18o. Pic-

tures are overlayed for separate KASCADE and
Grande analyses, respectively.

lgEo[GeV ], energy spectra are obtained and given
in Fig. 3. Sofar, no explicit mass range assign-
ment is given as would be motivated by the equa-
tion X

A
max = X

p
max − Xoln(A). The spectra in

Fig. 3 together with their preliminary error esti-
mations are almost model independent. The pre-
liminary spectra reveal distinct features. While
low mass spectra show a rapid drop with increas-
ing shower energy, medium mass and heavy mass
spectra seem to overtake at large primary energy.
Systematic errors dominate the low and high en-
ergy bins for KASCADE and Grande, respec-
tively, and are subject of further investigations.
In the KASCADE analysis the detection thresh-
old of the MTD may be effective and a fraction of
tracks may be missing leading to a light particle
mass interpretation. For the large Grande geom-
etry some flux loss for low energy muons may lead
to a bias towards large primary mass.

3. Conclusions

Triangulation allows to investigate Hµ. Fu-
ture analysis of other shower angle bins and of
larger and improved quality data sample will pro-
vide a more detailed information on the nature
of high energy shower muons. Also muon multi-
plicities provide valuable parameters to derive the

relative contributions of different primary cosmic
ray particles. A natural extension towards even
larger shower energies is provided by KASCADE-
Grande [12]. There is a common understanding
that the high energy shower muons serve as sen-
sitive probes to investigate [5,6] the high energy
hadronic interactions in the EAS development.
Very inclined muons which can be studied with
tracks recorded by the wall modules of the MTD
are currently of vital interest.
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Kalmykov+JRH 2007

Sveshnikova++ 2003

Diffusion:

SNR acceleration:



poly gonato ~Z

Kalmykov+JRH 2007

Sveshnikova++ 2003

Diffusion:

SNR acceleration:

JRH, Adv. Space Res. 41 (2008) 442 



Cosmic-ray energy spectrum

?

according to Astropart. Phys. 19 (2003) 193



Transition to extragalactic CR component

JRH, Adv. Space Res. 41 (2008) 442

Origin of dip?
- pair production?

Berezinsky astro-ph/0702488

   p+γ3Kp+e++e-



KASCADE
GRANDE Array

KASCADE
200 m x 200 m

37 detector stations

370 m2 e/γ:
scintillation counter

700 m

700 m

G. Navarra et al., Nucl Instr & Meth A 518 (2004) 207 
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A standard event

KASCADE-Grande efficiency

Apel et al. NIMA 620 (2010) 202-216

SIM

DATA

1016eV
M. Bertaina (2010)



Electromagnetic component Muons

KASCADE-Grande – Lateral distributions 

R. Glasstetter et al., Proc. 29th ICRC, Pune 6 (2005) 293 J. v. Buren et al., Proc. 29th ICRC, Pune 6 (2005) 301
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Cross-check between KASCADE and Grande

Apel et al. NIMA 620 (2010) 202-216

! KASCADE stations
! Grande stations

DATA

M. Bertaina (2010)
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Reconstruction of the energy spectrum
We use three different methods:
•Nch as observable
•Nµµµµ as observable
•Combination of Nch and Nµµµµ as observables

•Cross check of reconstruction procedures
•Cross check of systematic uncertainties
•Test sensitivity to composition
•Cross check of validity of hadronic interaction models

*additional method to reconstruct the energy spectrum 
employs the particle density at 500 m (S500)

(see G. Toma’s poster on Thursday’s morning - Session 4)

If not explicitly mentioned in the following
CORSIKA QGSjetII/FLUKA interaction model is used

M. Bertaina (2010)
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Comparing the 3 methods (dI/dE x E3)

DATA

 Protonch  N

 Ironch  N
 Protonµ  N

 Ironµ  N

µ-Nch  N

 Protonch  N

 Ironch  N
 Protonµ  N

 Ironµ  N

µ-Nch  N

 Protonch  N

 Ironch  N
 Protonµ  N

 Ironµ  N

µ-Nch  N

 Protonch  N

 Ironch  N
 Protonµ  N

 Ironµ  N

µ-Nch  N

 Protonch  N

 Ironch  N
 Protonµ  N

 Ironµ  N

µ-Nch  N

M. Bertaina, ECRS (2010)
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The all-particle energy spectrum

DATA

M. Bertaina, ECRS (2010)
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extragalactic
cosmic raysEnergy content of extragalactic 

cosmic rays

ρE=3.7 10-7 eV/cm3

P=5.5 1037 erg/(s Mpc3) (t0=1010 a)

total power

 ~2 1044 erg/s per active galaxy

 ~2 1052 erg/s per cosmol. GRB

ρE =
4π

c

�
E

β

dN

dE
dE

JRH, Rev. Mod. Astron. 20 (2008) 203 (arXiv:0803.3040)



Possible sources of extragalactic cosmic rays 
Bottom up models

•Active galactic nuclei (AGN)
•Coalescence of neutron stars, 
! black holes
•Gamma ray bursts

p+p or p+γ π+/-  νμ + νe + ...

Top down models
Super heavy relicts of Big-Bang (topol. defects)

X-particle (m ≈ 1021-1025 eV)
W,Z bosons

γ, ν, p…Already severe constraints by Auger
π0  γ + γ

 Multi Messenger Approach
Proton astronomy

AUGER (full sky)
Neutrino astronomy

km3 net     Ice Cube
TeV γ-ray astronomy

HESS, MAGIC, CTA



 Multi Messenger Approach
Proton astronomy

Pierre Auger  (full sky)
Neutrino astronomy

km3 net     Ice Cube
TeV γ-ray astronomy

HESS, MAGIC, CTA

4 JAVIER TIFFENBERG et al. LIMITS ON UHE! USING THE PIERRE AUGER OBSERVATORY
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The exposure was calculated using purely MC tech-
niques and also integrating the neutrino identification
efficiencies ! over the whole parameter space [8]. All
the neutrino flavours and interactions are accounted for
in the simulations. In particular for "! we have taken into
account the possibility that it produces a double shower
in the atmosphere triggering the array – one in the "!

CC interaction itself and another in the decay of the #
lepton. The exposure for the period 1 Nov 07 up to 28
Feb 09 is shown in Fig. 4 for CC and NC channels.

Several sources of systematic uncertainties have been
taken into account and their effect on the exposure
evaluated. We tentatively assign a ! 20% systematic un-
certainty due to the neutrino-induced shower simulations
and the hadronic model (SIBYLL 2.1 vs QGSJETII.03).
Another source of uncertainty comes from the neutrino
cross section. Using [15] we estimate a systematic uncer-
tainty of ! 10%. The topography around the Southern
Site of the Pierre Auger Observatory enhances the flux
of secondary tau leptons. In this work we neglected this
effect. Our current simulations indicate that including it
will improve the limit by roughly ! 15 " 20%.

Finally assuming a f(E") = k · E!2
" differential

neutrino flux we have obtained a 90% C.L. limit on the
all-flavour neutrino flux using down-going showers:

k < 3.2 # 10!7 GeV cm!2 s!1 sr!1 (3)

shown in Fig. 5. We also present the updated limit based
on Earth-skimming up-going neutrinos:

k < 4.7!2.5
+2.2 # 10!8 GeV cm!2 s!1 sr!1 (4)

where the upper/lower values correspond to best/worse
scenario of systematics [13]. We have also included the
limit in differential format to show the range in energies

at which the sensitivity of the Pierre Auger Observatory
to down-going and Earth-skimming " peaks.

A preliminary limit on the flux of UHE neutrinos
from the position of Centaurus A (equatorial coords.
$ ! "43.0", l ! "35.2") – assuming a point source at
that position – was also obtained. For that purpose we
have integrated the identification efficiency ! over the
fraction of the time (! 15.6%) the source is seen in the
SD array with % between 75" and 90". The preliminary
limit is ! 3 # 10!6 neutrinos per GeV cm!2 s!1.
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ICRC 2007, 607, Mérida, México. I. Valiño (PhD thesis) Univ.
de Santiago de Compostela, ISBN: 9788497509664, 2008.

[13] J. Abraham et al. [Pierre Auger Collaboration], Phys. Rev. D 79,
102001 (2009).

[14] Ackermann et al. [IceCube], Astrophys. J. 675, 1014-1024
(2008); I. Kravchenko et al., Phys. Rev. D 73, 082002 (2006)
[RICE]; P.W. Gorham et al. [ANITA], arXiv:0812.2715v1; R.U.
Abbasi et al. [HiRes], Astrophys. J. 684, 790-793 (2008); K.
Martens [HiRes], arXiv:0707.4417.

[15] A. Cooper-Sarkar and S. Sarkar, JHEP 0801, 075 (2008).

PROCEEDINGS OF THE 31st ICRC, ŁÓDŹ 2009 3
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of the Auger Observatory to the photon fractions after 20 years of
operation. The other lines indicate predictions from ’top-down’ models
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limit only marginally constrains the photon prediction at
lower energies: even for Ethr = 5 EeV as many as 75%
events have the energies in previously untested 5-10 EeV
range.

The new limits reduce uncertainties related to the con-
tamination of photons at EeV energies in other analyses
of shower data. For instance, the possible contamination
from photons was one of the dominant uncertainties for
deriving the proton-air cross-section (see e.g. [10]). This
uncertainty is now reduced to ∼50 mb for data at EeV
energies, which corresponds to a relative uncertainty of
∼10%. Photon contamination is important also in the
reconstruction of the energy spectrum or determination
of the nuclear primary composition.

In future photon searches, the separation power be-
tween photons and nuclear primaries can be enhanced
by adding the detailed information measured with the
surface detectors in hybrid events.

V. PERSPECTIVES

The current exposure of the Pierre Auger Observatory
is already a factor ∼4 larger than the exposure used for
the 2% photon limit at 10 EeV. Hence, the Observatory
starts to be sensitive to photon fractions within the
predicted range of GZK photons and specific GZK
scenarios will be tested by UHE photon searches for
the first time. Within 20 years of operation the southern
part of the Observatory the detection of photon events at
fractions below ∼0.1% (above 10 EeV) will be at hand
(see Fig. 3). The sensitivity to UHE photons will be
significantly strengthened with the advent of the northern
site of the Observatory in Colorado (USA). This site is
planned to cover a surface a factor 7 larger than the one
in Argentina.

The northern site of the Observatory will bring an-
other opportunity related to the UHE photon search.
Thanks to the difference between the local geomag-
netic fields at the two sites a possible detection of
UHE photons at Auger South may be confirmed in
an unambiguous way at Auger North by observing the
well predictable change in the signal from geomagnetic
cascading of UHE photon showers [11].

The photon upper limits placed by the Auger Collab-
oration also address fundamental physics questions. The
GZK photons are expected to be absorbed on scales of
a few Mpc by pair production with background photons
if Lorentz symmetry holds. On the other hand, violation
of Lorentz invariance could lead to the observation of
an increased photon flux. The new constraints placed on
the violation of Lorentz invariance based on our photon
limits are substantially more stringent than previous
ones [12]. A future detection of UHE photons will
further impact fundamental physics and other branches
of physics (see e.g. [13]).
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Performance and operation of the Surface Detector of the Pierre

Auger Observatory
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†Observatorio Pierre Auger, Av. San Martı́n Norte 304, (5613) Malargüe, Argentina

Abstract. The Surface Array of the Pierre Auger

Observatory consists of 1660 water Cherenkov detec-

tors that sample at the ground the charged particles

and photons of air showers initiated by energetic cos-

mic rays. The construction of the array in Malargüe,

Argentina is now complete. A large fraction of the

detectors have been operational for more than five

years. Each detector records data locally with timing

obtained from GPS units and power from solar

panels and batteries. In this paper, the performance

and the operation of the array are discussed. We

emphasise the accuracy of the signal measurement,

the stability of the triggering, the performance of

the solar power system and other hardware, and the

long-term purity of the water.

Keywords: Detector performance, Surface Detector,

Pierre Auger Observatory

I. INTRODUCTION

The Surface Detector (SD) of the Pierre Auger Ob-

servatory is composed of Water Cherenkov Detectors

(WCD) extending over an area of 3000 km2 with 1500 m

spacing between detectors. In addition to the detectors

in the regular array, some locations of the array were

equipped with two and three nearby detectors, placed

at !10 meters from each other. These ”twins” and

”triplets” provide a very useful testbench for studies

of signal fluctuation, timing resolution and energy and

angular reconstruction precision. Combined with the

HEAT telescopes and the AMIGA muon detector array,

a denser array of WCD with detector spacing of 750 m

has also been deployed. The total number of detector

stations is 1660. The hardware of the surface detector is

described extensively in [1], [2].

Installation of detectors started in 2002 and the Ob-

servatory has been collecting stable data since January

2004. The construction was completed in June 2008.

Figure 1 shows the current status of the array.

The Observatory has been running now with its full

configuration for nearly one year and its commissioning

is completed. The failure rates of various components

have been assessed and the Surface Detector is now

entering into a regular long term operation and main-

tenance phase. Some detectors have been operational

already for more than 8 years which permits the study

of their long term performance. In this paper, after a

short description of the Surface Detector, the detector

response and uniformity, its acceptance and long-term

Fig. 1: Current deployment status of the array. Tanks

within the shaded area are filled with water and in

operation.

performance, and finally its operation and maintenance

are discussed.

II. DESCRIPTION OF THE SURFACE DETECTOR

Each WCD consists of a 3.6 m diameter water tank

containing a Tyvek R" liner for uniform reflection of

the Cherenkov light. The liner contains 12,000 l of

ultra-high purity water with resitivity typically higher

than 5 M!.cm. Three nine-inch-diameter photomulti-

plier tubes (PMTs) are symmetrically distributed at a

distance of 1.20 m from the center of the tank and

look downwards through windows of clear polyethylene

into the water to collect the Cherenkov light produced

by the passage of relativistic charged particles through

the water. The water height of 1.2 m makes it also

sensitive to high energy photons, which convert in the

water volume. A solar power system provides an average

of 10 W for the PMTs and the electronics package

consisting of a processor, GPS receiver, radio transceiver

and power controller.

The signals produced by the Cherenkov light are read

out by three large 9” XP1805 Photonis photomultipliers.

The PMTs are equipped with a resistive divider base

having two outputs: anode and amplified last dynode [3].

This provides a large dynamic range, totaling 15 bits,

3000 km2

1600 water Cherenkov detectors

4 telescope buildings
6 fluorescence telescopes each



60 km



solar cells

GPS antenna
communications antenna

electronics

battery

plastic tank with 
12 t ultra pure water

3 9“ photomultiplier tubes



Air shower registered with
water Cherenkov detectors

m
ea

su
re

d 
si

gn
al

 [V
EM

]

distance to shower axis [m]

no
rt

h-
so

ut
h 

[k
m

]

east-west [km]



Four sites
Six telescopes 
viewing 30ox30o each

FD eye view



12 m2 mirror 440 photo multiplier

90
 c

m



SDPSDPSDP

!"!"##$%&'()*+,-.,/'%*',0-12/'30/(-1$%&'()*+,-.,/'%*',0-12/'30/(-1

Time FitTime FitTime Fit

- Shower-Detector Plane (SDP)  by fitting 

the directions of the triggered pixels

- Shower axis within the  SDP, by fitting the 

time-sequence of triggered FD pixels using 

the information from the “hottest” SD tank

calorimetric  energy 
measurement

longitudinal shower profile



20 May 2007    E ~ 1019 eV

A Hybrid Event



Pierre Auger Collaboration / Physics Letters B 685 (2010) 239–246 245

Fig. 5. The combined energy spectrum is fitted with two functions (see text) and
compared to data from the HiRes instrument [43]. The systematic uncertainty of
the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated
by arrows. A table with the Auger flux values can be found at [44].

derlying raw distribution. Combining the systematic uncertainties
of the exposure (3%) and of the forward folding assumptions (5%),
the systematic uncertainty of the derived flux is 6%.

4. The combined Auger spectrum

The energy spectrum derived from hybrid data is combined
with the one obtained from surface detector data using a max-
imum likelihood method. Since the surface detector energy esti-
mator is calibrated with hybrid events, the two spectra have the
same systematic uncertainty in the energy scale. On the other
hand, the normalisation uncertainties are independent. They are
taken as 6% for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used as addi-
tional constraints in the combination. This combination procedure
is used to derive the scale parameters, k, for the fluxes that are
to be applied to the individual spectra. These are kSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data respec-
tively, showing that agreement between the measurements is at
the 1% level.

The combined energy spectrum scaled with E3 is shown in
Fig. 5 in comparison with the spectrum obtained with stereo mea-
surements of the HiRes instrument [43]. An energy shift within the
current systematic uncertainties of the energy scale applied to one
or both experiments could account for most of the difference be-
tween the spectra. The ankle feature seems to be somewhat more
sharply defined in the Auger data. This is possibly due to a sys-
tematic energy offset between the experiments. However, for a
complete comparison, care must also be taken to account for en-
ergy resolution and possible changes in aperture with energy.

The characteristic features of the combined spectrum are quan-
tified in two ways. For the first method, shown as a dotted red line
in Fig. 5, we have used three power laws with free breaks between
them. A continuation of the power law above the ankle to high-
est energies can be rejected with more than 20! . For the second
characterisation we have adopted two power laws in the ankle re-
gion and a smoothly changing function at higher energies which is
given by

J (E; E > Eankle) ! E""2

1+ exp(
log10 E"log10 E1/2

log10 Wc
)
, (3)

Table 1
Fitted parameters and their statistical uncertainties characterising the combined en-
ergy spectrum.

Parameter Power laws Power laws +
smooth function

"1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
"2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
"3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
#2/ndof 38.5/16 29.1/16

where E1/2 is the energy at which the flux has fallen to one half of
the value of the power-law extrapolation and Wc parametrizes the
width of the transition region. It is shown as a black solid line in
Fig. 5. The derived parameters (quoting only statistical uncertain-
ties) are given in Table 1.

At high energies the combined spectrum is statistically domi-
nated by the surface detector data. The agreement between the in-
dex of the power law above the ankle, "2, measured with the com-
bined spectrum (2.59 ± 0.02) and with hybrid data (2.65 ± 0.14),
also demonstrates the good agreement between the two measure-
ments.

5. Summary

We have measured the cosmic ray flux with the Pierre Auger
Observatory by applying two different techniques. The fluxes ob-
tained with hybrid events and from the surface detector array are
in good agreement in the overlapping energy range. A combined
spectrum has been derived with high statistics covering the energy
range from 1018 eV to above 1020 eV. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%.

The position of the ankle at log10(Eankle/eV) = 18.61±0.01 has
been determined by fitting the flux with a broken power law E"" .
An index of " = 3.26 ± 0.04 is found below the ankle. Above the
ankle the spectrum follows a power law with index 2.55 ± 0.04.
In comparison to the power law extrapolation, the spectrum is
suppressed by a factor two at log10(E1/2/eV) = 19.61 ± 0.03. The
significance of the suppression is larger than 20! . The suppres-
sion is similar to what is expected from the GZK effect for protons
or nuclei as heavy as iron, but could in part also be related to
a change of the shape of the average injection spectrum at the
sources.
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ankle, supporting the hypothesis of a transition from ga-
lactic to extragalactic cosmic rays in this region.

The hXmaxi result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data sets agree well within
the quoted systematic uncertainties. The !2=Ndf of the
HiRes data with respect to the broken-line fit described
above is 20:5=14. This value reduces to 16:8=14 if a
relative energy shift of 15% is applied, such as suggested
by a comparison of the Auger and HiRes energy spec-
tra [2].

The shower-to-shower fluctuations, rms!Xmax", are ob-
tained by subtracting the detector resolution in quadrature
from the width of the observed Xmax distributions resulting
in a correction of # 6 g=cm2. As can be seen in the right
panel of Fig. 3, we observe a decrease in the fluctuations
with energy from about 55 to 26 g=cm2 as the energy
increases. Assuming again that the hadronic interaction
properties do not change much within the observed energy
range, these decreasing fluctuations are an independent
signature of an increasing average mass of the primary
particles.

For the interpretation of the absolute values of hXmaxi
and rms!Xmax" a comparison to air shower simulations is
needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using differ-
ent hadronic interaction models. These differences are not
necessarily exhaustive, since the hadronic interaction mod-
els do not cover the full range of possible extrapolations of
low energy accelerator data. If, however, these models
provide a realistic description of hadronic interactions at
ultrahigh energies, the comparison of the data and simula-
tions leads to the same conclusions as above, namely, a
gradual increase of the average mass of cosmic rays with
energy up to 59 EeV.
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ankle, supporting the hypothesis of a transition from ga-
lactic to extragalactic cosmic rays in this region.

The hXmaxi result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data sets agree well within
the quoted systematic uncertainties. The !2=Ndf of the
HiRes data with respect to the broken-line fit described
above is 20:5=14. This value reduces to 16:8=14 if a
relative energy shift of 15% is applied, such as suggested
by a comparison of the Auger and HiRes energy spec-
tra [2].

The shower-to-shower fluctuations, rms!Xmax", are ob-
tained by subtracting the detector resolution in quadrature
from the width of the observed Xmax distributions resulting
in a correction of # 6 g=cm2. As can be seen in the right
panel of Fig. 3, we observe a decrease in the fluctuations
with energy from about 55 to 26 g=cm2 as the energy
increases. Assuming again that the hadronic interaction
properties do not change much within the observed energy
range, these decreasing fluctuations are an independent
signature of an increasing average mass of the primary
particles.

For the interpretation of the absolute values of hXmaxi
and rms!Xmax" a comparison to air shower simulations is
needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using differ-
ent hadronic interaction models. These differences are not
necessarily exhaustive, since the hadronic interaction mod-
els do not cover the full range of possible extrapolations of
low energy accelerator data. If, however, these models
provide a realistic description of hadronic interactions at
ultrahigh energies, the comparison of the data and simula-
tions leads to the same conclusions as above, namely, a
gradual increase of the average mass of cosmic rays with
energy up to 59 EeV.
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et Corpusculaire (PNC-IN2P3/CNRS), Département
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Fig. 1.— The 69 arrival directions of CRs with energy E ! 55 EeV detected by the Pierre Auger Observatory up

to 31 December 2009 are plotted as black dots in an Aito!-Hammer projection of the sky in galactic coordinates.

The solid line represents the field of view of the Southern Observatory for zenith angles smaller than 60!. Blue

circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc

and that are within the field of view of the Observatory. Darker blue indicates larger relative exposure. The

exposure-weighted fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and III only, because the parameters

were chosen to maximise the correlation in period I. In Fig. 2 we plot the degree of correlation (pdata) with

objects in the VCV catalog as a function of the total number of time-ordered events observed during periods

II and III. For each additional event the most likely value of pdata is k/N (number correlating divided by the

cumulative number of arrival directions).

The confidence level intervals in the plot contain 68.3%, 95.45% and 99.7% of the posterior probability for

pdata given the measured values of k and N . The posterior probability distribution is pkdata(1" pdata)N"k(N +

1)!/k!(N " k)!, corresponding to a binomial likelihood with a flat prior. The upper and lower limits in the

confidence intervals are chosen such that the posterior probability of every point inside the interval is higher

than that of any point outside. The amount of correlation observed has decreased from (69+11
"13)%, with 9 out

of 13 correlations measured in period II, to its current estimate of (38+7
"6)%, based on 21 correlations out of a

total of 55 events in periods II and III.

The cumulative binomial probability that an isotropic flux would yield 21 or more correlations is P = 0.003.

This updated measurement with 55 events after the initial scan is a posteriori, with no prescribed rule for

rejecting the hypothesis of isotropy as in (6, 7). No unambiguous confidence level for anisotropy can be derived

from the probability P = 0.003. P is the probability of finding such a correlation assuming isotropy. It is not

the probability of isotropy given such a correlation.

We note that 9 of the 55 events detected in periods II and III are within 10! of the galactic plane, and none

of them correlates within 3.1! with the astronomical objects under consideration. Incompleteness of the VCV

catalog due to obscuration by the Milky Way or larger magnetic bending of CR trajectories along the galactic

disk are potential causes for smaller correlation of arrival directions at small galactic latitudes. If the region

within 10! of the galactic plane is excluded the correlation is (46± 6)% (21 correlations out of 46 events), while
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correlated: 29 (14.5 exp.) 
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24% is the chance expectation for an isotropic flux.3
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Fig. 2.— The most likely value of the degree of correlation pdata = k/N is plotted with black dots as a function

of the total number of time-ordered events (excluding those in period I). The 68%, 95% and 99.7% confidence

level intervals around the most likely value are shaded. The horizontal dashed line shows the isotropic value

piso = 0.21. The current estimate of the signal is (0.38+0.07
!0.06).

It has not escaped our notice that the directions of the 5 most energetic events are not part of the fraction of

events that correlate with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of astronomical objects can also be found in

(29). Further studies of the correlation exploring other parameters are currently in progress. One conjecture

often made in the literature (see e.g. (30, 31) and references therein) is that powerful radiogalaxies are the

most promising contenders for UHECR acceleration, along with gamma-ray bursts. The analysis of directional

correlations of UHECRs with positions of AGNs from the VCV catalog discussed here does not account for

any di!erences among those AGNs. Thus, a logical next step with respect to (6, 7) would consider the AGN

radio luminosity given in the VCV catalog as a fourth scan parameter to find a threshold in radio luminosity

above which the directional correlation starts to increase. Such a scan has been performed with a subset of the

data and the signal evolution with those parameters is being monitored since, similarly as presented here for

all AGNs of the VCV. These results will be reported elsewhere.

The HiRes collaboration has reported (32) an absence of a correlation with AGNs of the VCV catalog using the

parameters of the Auger prescribed test. They found two events correlating out of a set of 13 arrival directions

that have been measured stereoscopically above an energy which they estimated to be the same as the Auger

prescribed energy threshold. The 38% correlation measured by Auger suggests that approximately five arrival

directions out of 13 HiRes directions should correlate with an AGN position. The di!erence between 2 and 5

does not rule out a 38% correlation in the northern hemisphere that is observed by the HiRes detector. Also,

it is not necessarily expected that the correlating fraction should be the same in both hemispheres. The three-

3The choice of the size of the region excluded has some arbitrariness. We used 12! in (6, 7). We use 10! here for uniformity with

the analysis of the 2MRS catalog in section 4.
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Fig. 3.— Cross-correlation between the arrival directions of CRs measured by the Pierre Auger Observatory

with E ! 55 EeV and positions of 2MRS galaxies (left) and Swift-BAT AGN (right) that lie within 200 Mpc.

In the case of 2MRS galactic latitudes (both of galaxies and CRs) are restricted to |b| > 10!. The plots in the

top panels use all CRs with E ! 55 EeV. The plots in the bottom panels exclude data collected during period

I in Table 1, that were used to choose the energy threshold and redshift that maximized the correlation with

VCV objects in that period. The bands correspond to the 68%, 95% and 99.7% dispersion expected for an

isotropic flux.

4.2. Statistical tests on smoothed density maps

4.2.1. Smoothed density maps

We test some specific models for the origin of the highest energy CRs based on the astronomical objects in

the catalogs considered in the previous section. We build the probability maps of arrival directions of CRs

expected from these objects weighted by their flux at the electromagnetic wavelength relevant in the respective

survey and by the attenuation factor expected from the GZK e!ect. Maps are constructed by the weighted

superposition of Gaussian distributions centred at each object position with a fixed angular width !. For each

model, the density map has two free parameters: the smoothing angle ! and an isotropic fraction fiso. The

smoothing angle serves to account for typical (but unknown) magnetic deflections in the CR trajectories. The

addition of an isotropic fraction is a way to account for CR trajectories that have been bent by wide angles due
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Fig. 4.— Left: Sky map in galactic coordinates with the AGNs of the 58-month Swift-BAT catalog plotted

as red stars with area proportional to the assigned weight. The solid line represents the field of view of the

Southern Observatory. Coloured bands have equal integrated exposure, and darker background colours indicate

larger relative exposure. Right: density map derived from the map to the left, smoothed with an angular scale

! = 5!. The 69 arrival directions of CRs with energy E ! 55 EeV detected with the Pierre Auger Observatory

are plotted as black dots.

The corresponding density map is shown on the right panel of the same figure, smoothed with an angular scale

! = 5!. No isotropic fraction is built into this map to better illustrate the features of the objects in the catalog.

We show the density map obtained for the 2MRS catalogue in Fig. 5. Common features can be seen in the two

maps.

Fig. 5.— Cosmic ray density map for the flux-weighted 2MRS galaxies, smoothed with an angular scale ! = 5!.

The black dots are the arrival directions of the CRs with energy E ! 55 EeV detected with the Pierre Auger

Observatory. Galactic latitudes are restricted to |b| > 10!, both for galaxies and CR events.

4.2.2. Likelihood test

For each model and for di!erent values of the smoothing angle ! and isotropic fraction fiso we evaluate the

log-likelihood of the data sample:

LL =
Ndata
!

k=1

lnF (n̂k), (3)

where n̂k is the direction of the kth event.

We consider the models based on 2MRS and Swift-BAT objects weighted by their flux in the respective wave-

length. The top panels in Fig. 6 plot the results using all the arrival directions of CRs with E ! 55 EeV.
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arrival directions as in the data, drawn either from the density map of the models or isotropically. We then

compare the distributions of the mean log-likelihood (LL/Ndata) with the value obtained for the data. We

present the results in Fig. 7.
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Fig. 7.— Distributions of mean log-likelihood per event for isotropic arrival directions (blue, dashed line

histograms) and for the model predictions (red, solid line histograms). The parameters for the models based

on the 2MRS galaxies (left) and Swift-BAT AGNs (right) are those that maximize the likelihood with all data,

namely (1.5!, 0.64) for 2MRS and (7.8!, 0.56) for Swift-BAT. The value of the log-likelihood for the data is

indicated by a black vertical line. The plots in the top panels use all data, and those in the bottom panels

exclude data collected during period I.

Data are compatible with the models and di!er from average isotropic expectations. The fraction f of isotropic

realizations that have a higher likelihood than the data is 2 ! 10"4 in the case of the model based on Swift-

BAT AGNs, and 4 ! 10"3 with the model based on 2MRS galaxies. These values of f are obtained with the

parameters ! and fiso that maximize the likelihood for the respective catalogue using all the events with energy

larger than 55 EeV (the black dots in the top panels of Fig. 6). With the same parameters, and data from

period I excluded, f " 0.02 in both models. These figures are a posteriori, and do not represent a confidence

level on anisotropy.

The likelihood test is sensitive to whether or not the data points lie in a high density region of the model.

Complementary methods can be applied that test the overall proportionality between the sky distribution of
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tion, where 1.7 is the isotropic expectation. The centre of this region is only 4! away from the location of the

radiogalaxy Cen A (!50.5!, 19.4!) and it is not far from the direction of the Centaurus cluster (!57.6!, 21.6!).

It was noted in (6, 7) that the arrival directions of two CR events correlate with the nucleus position of the

radiogalaxy Cen A, while several lie in the vicinity of its radio lobe extension. At only 3.8 Mpc distance, Cen

A is the closest AGN. It is obviously an interesting region to monitor with additional data.

We show in Fig. 9 the number of CR arrival directions within a variable angular radius from Cen A. In a

Kolmogorov-Smirnov test, 4% of the realizations of 69 arrival directions drawn from an isotropic distribution

have a maximum departure from the isotropic expectation greater than or equal to the maximum departure

observed in data. The overdensity with largest significance is given by the presence of 13 arrival directions

within 18!, in which 3.2 arrival directions are expected if the flux were isotropic.

Cen A
!
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Fig. 9.— Cumulative number of events with E " 55 EeV as a function of angular distance from the direction

of Cen A. The bands correspond to the 68%, 95%, and 99.7% dispersion expected for an isotropic flux.

The CRs in this region of the sky make a dominant contribution to the autocorrelation signal. For instance,

the 13 arrival directions that are within 18! from Cen A form 6 pairs separated by less than 4!, and 28 pairs

by less than 11!. These events also make a large contribution to the correlation with di!erent populations of

nearby extragalactic objects, both because they are in excess above isotropic expectations and because this

region is densely populated with galaxies. The flux-weighted models illustrated in Figs. 4 and 5 predict that

the fraction of CRs inside a circle with radius 18! centred at the position of Cen A is 13.4% (2MRS) and 29.3%

(Swift-BAT), compared to 18.8% observed in data and 4.7% expected if the flux were isotropic.

In contrast to the region around Cen A and the Centaurus cluster, there is a paucity of events from the region

around the radiogalaxy M87 and the Virgo cluster. None of the 69 events with E " 55 EeV is within 18! of

M87. Due to its northern declination, however, M87 gets only one-third the exposure that Cen A gets at the

Southern Auger observatory. Only 1.1 events are expected within that 18! circle for an isotropic flux.

Distance also matters. M87 is five times farther away than Cen A, so the flux would be 25 times less if the

18

Fig. 1.— The 69 arrival directions of CRs with energy E ! 55 EeV detected by the Pierre Auger Observatory up

to 31 December 2009 are plotted as black dots in an Aito!-Hammer projection of the sky in galactic coordinates.

The solid line represents the field of view of the Southern Observatory for zenith angles smaller than 60!. Blue

circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc

and that are within the field of view of the Observatory. Darker blue indicates larger relative exposure. The

exposure-weighted fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and III only, because the parameters

were chosen to maximise the correlation in period I. In Fig. 2 we plot the degree of correlation (pdata) with

objects in the VCV catalog as a function of the total number of time-ordered events observed during periods

II and III. For each additional event the most likely value of pdata is k/N (number correlating divided by the

cumulative number of arrival directions).

The confidence level intervals in the plot contain 68.3%, 95.45% and 99.7% of the posterior probability for

pdata given the measured values of k and N . The posterior probability distribution is pkdata(1" pdata)N"k(N +

1)!/k!(N " k)!, corresponding to a binomial likelihood with a flat prior. The upper and lower limits in the

confidence intervals are chosen such that the posterior probability of every point inside the interval is higher

than that of any point outside. The amount of correlation observed has decreased from (69+11
"13)%, with 9 out

of 13 correlations measured in period II, to its current estimate of (38+7
"6)%, based on 21 correlations out of a

total of 55 events in periods II and III.

The cumulative binomial probability that an isotropic flux would yield 21 or more correlations is P = 0.003.

This updated measurement with 55 events after the initial scan is a posteriori, with no prescribed rule for

rejecting the hypothesis of isotropy as in (6, 7). No unambiguous confidence level for anisotropy can be derived

from the probability P = 0.003. P is the probability of finding such a correlation assuming isotropy. It is not

the probability of isotropy given such a correlation.

We note that 9 of the 55 events detected in periods II and III are within 10! of the galactic plane, and none

of them correlates within 3.1! with the astronomical objects under consideration. Incompleteness of the VCV

catalog due to obscuration by the Milky Way or larger magnetic bending of CR trajectories along the galactic

disk are potential causes for smaller correlation of arrival directions at small galactic latitudes. If the region

within 10! of the galactic plane is excluded the correlation is (46± 6)% (21 correlations out of 46 events), while
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Fig. 5. The combined energy spectrum is fitted with two functions (see text) and
compared to data from the HiRes instrument [43]. The systematic uncertainty of
the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated
by arrows. A table with the Auger flux values can be found at [44].

derlying raw distribution. Combining the systematic uncertainties
of the exposure (3%) and of the forward folding assumptions (5%),
the systematic uncertainty of the derived flux is 6%.

4. The combined Auger spectrum

The energy spectrum derived from hybrid data is combined
with the one obtained from surface detector data using a max-
imum likelihood method. Since the surface detector energy esti-
mator is calibrated with hybrid events, the two spectra have the
same systematic uncertainty in the energy scale. On the other
hand, the normalisation uncertainties are independent. They are
taken as 6% for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used as addi-
tional constraints in the combination. This combination procedure
is used to derive the scale parameters, k, for the fluxes that are
to be applied to the individual spectra. These are kSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data respec-
tively, showing that agreement between the measurements is at
the 1% level.

The combined energy spectrum scaled with E3 is shown in
Fig. 5 in comparison with the spectrum obtained with stereo mea-
surements of the HiRes instrument [43]. An energy shift within the
current systematic uncertainties of the energy scale applied to one
or both experiments could account for most of the difference be-
tween the spectra. The ankle feature seems to be somewhat more
sharply defined in the Auger data. This is possibly due to a sys-
tematic energy offset between the experiments. However, for a
complete comparison, care must also be taken to account for en-
ergy resolution and possible changes in aperture with energy.

The characteristic features of the combined spectrum are quan-
tified in two ways. For the first method, shown as a dotted red line
in Fig. 5, we have used three power laws with free breaks between
them. A continuation of the power law above the ankle to high-
est energies can be rejected with more than 20! . For the second
characterisation we have adopted two power laws in the ankle re-
gion and a smoothly changing function at higher energies which is
given by

J (E; E > Eankle) ! E""2

1+ exp(
log10 E"log10 E1/2

log10 Wc
)
, (3)

Table 1
Fitted parameters and their statistical uncertainties characterising the combined en-
ergy spectrum.

Parameter Power laws Power laws +
smooth function

"1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
"2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
"3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
#2/ndof 38.5/16 29.1/16

where E1/2 is the energy at which the flux has fallen to one half of
the value of the power-law extrapolation and Wc parametrizes the
width of the transition region. It is shown as a black solid line in
Fig. 5. The derived parameters (quoting only statistical uncertain-
ties) are given in Table 1.

At high energies the combined spectrum is statistically domi-
nated by the surface detector data. The agreement between the in-
dex of the power law above the ankle, "2, measured with the com-
bined spectrum (2.59 ± 0.02) and with hybrid data (2.65 ± 0.14),
also demonstrates the good agreement between the two measure-
ments.

5. Summary

We have measured the cosmic ray flux with the Pierre Auger
Observatory by applying two different techniques. The fluxes ob-
tained with hybrid events and from the surface detector array are
in good agreement in the overlapping energy range. A combined
spectrum has been derived with high statistics covering the energy
range from 1018 eV to above 1020 eV. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%.

The position of the ankle at log10(Eankle/eV) = 18.61±0.01 has
been determined by fitting the flux with a broken power law E"" .
An index of " = 3.26 ± 0.04 is found below the ankle. Above the
ankle the spectrum follows a power law with index 2.55 ± 0.04.
In comparison to the power law extrapolation, the spectrum is
suppressed by a factor two at log10(E1/2/eV) = 19.61 ± 0.03. The
significance of the suppression is larger than 20! . The suppres-
sion is similar to what is expected from the GZK effect for protons
or nuclei as heavy as iron, but could in part also be related to
a change of the shape of the average injection spectrum at the
sources.
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Fundação de Amparo à Pesquisa do Estado de São Paulo
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FIG. 3. hXmaxi and rms!Xmax" compared with air shower simulations [20] using different hadronic interaction models [21].
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Fig. 1.— The 69 arrival directions of CRs with energy E ! 55 EeV detected by the Pierre Auger Observatory up

to 31 December 2009 are plotted as black dots in an Aito!-Hammer projection of the sky in galactic coordinates.

The solid line represents the field of view of the Southern Observatory for zenith angles smaller than 60!. Blue

circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc

and that are within the field of view of the Observatory. Darker blue indicates larger relative exposure. The

exposure-weighted fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and III only, because the parameters

were chosen to maximise the correlation in period I. In Fig. 2 we plot the degree of correlation (pdata) with

objects in the VCV catalog as a function of the total number of time-ordered events observed during periods

II and III. For each additional event the most likely value of pdata is k/N (number correlating divided by the

cumulative number of arrival directions).

The confidence level intervals in the plot contain 68.3%, 95.45% and 99.7% of the posterior probability for

pdata given the measured values of k and N . The posterior probability distribution is pkdata(1" pdata)N"k(N +

1)!/k!(N " k)!, corresponding to a binomial likelihood with a flat prior. The upper and lower limits in the

confidence intervals are chosen such that the posterior probability of every point inside the interval is higher

than that of any point outside. The amount of correlation observed has decreased from (69+11
"13)%, with 9 out

of 13 correlations measured in period II, to its current estimate of (38+7
"6)%, based on 21 correlations out of a

total of 55 events in periods II and III.

The cumulative binomial probability that an isotropic flux would yield 21 or more correlations is P = 0.003.

This updated measurement with 55 events after the initial scan is a posteriori, with no prescribed rule for

rejecting the hypothesis of isotropy as in (6, 7). No unambiguous confidence level for anisotropy can be derived

from the probability P = 0.003. P is the probability of finding such a correlation assuming isotropy. It is not

the probability of isotropy given such a correlation.

We note that 9 of the 55 events detected in periods II and III are within 10! of the galactic plane, and none

of them correlates within 3.1! with the astronomical objects under consideration. Incompleteness of the VCV

catalog due to obscuration by the Milky Way or larger magnetic bending of CR trajectories along the galactic

disk are potential causes for smaller correlation of arrival directions at small galactic latitudes. If the region

within 10! of the galactic plane is excluded the correlation is (46± 6)% (21 correlations out of 46 events), while
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