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Energy content of cosmic rays

energy density

LCR =
ρCR · VG

τesc
≈ 1041 erg
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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:
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LETTERS

An asymmetric solar wind termination shock
Edward C. Stone1, Alan C. Cummings1, Frank B. McDonald2, Bryant C. Heikkila3, Nand Lal3 &William R. Webber4

Voyager 2 crossed the solar wind termination shock at 83.7 AU in
the southern hemisphere, 10 AU closer to the Sun than found by
Voyager 1 in the north1–4. This asymmetry could indicate an asym-
metric pressure from an interstellar magnetic field5,6, from tran-
sient-induced shock motion7, or from the solar wind dynamic
pressure. Here we report that the intensity of 4–5MeV protons
accelerated by the shock near Voyager 2 was three times that
observed concurrently by Voyager 1, indicating differences in
the shock at the two locations. (Companion papers report on the

plasma8, magnetic field9, plasma-wave10 and lower energy par-
ticle11 observations at the shock.) Voyager 2 did not find the source
of anomalous cosmic rays at the shock, suggesting that the source
is elsewhere on the shock12–14 or in the heliosheath15–19. The small
intensity gradient of Galactic cosmic ray helium indicates that
either the gradient is further out in the heliosheath20 or the local
interstellar Galactic cosmic ray intensity is lower than expected21.

Low energy ions accelerated at the termination shock are observed
upstream of the shock and in the heliosheath (Fig. 1). Voyager 2

1California Institute of Technology, Pasadena, California 91125, USA. 2Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742, USA.
3NASA/Goddard Space Flight Center, Greenbelt,Maryland 20771, USA. 4Department of Physics and Astronomy, NewMexico State University, Las Cruces, NewMexico 88003, USA.
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Figure 1 | Daily-averaged intensities and
streaming of energetic termination shock
particles that are accelerated at nearby regions of
the shock. Voyager 1 and Voyager 2 crossed the
shock and entered the heliosheath on 2004.96 (16
December 2004) at heliographic coordinates of
(34.3u, 173u) and on 2007.66 (30 August 2007) at
(227.5u, 216u), respectively. Insets, telescope (A, B
and C) viewing directions projected into the R–T
plane, where2R is towards the Sun and T is
azimuthal. Error bars on black filled circles,61s.d.
a, The proton intensities (H) at 3.3–7.8MeV
observed byVoyager 1 particle telescopes (A1B)/2
(blue trace) and by C (red trace) are highly variable
upstream of the shock owing to variations in the
connectivity along the spiral field line28,29. The
energetic ions are convected into the heliosheath,
resulting in reduced variations. Similar properties
are apparent in the intensity of 0.5–0.7MeV
protons observed by telescope A (black filled
circles) and shown when the background
correction was,60%. V1 TSP1 and V1 TSP2, two
episodes of termination shock particles observed
by Voyager 1. b, The streaming index (A1B)/(2C)
for 3.3–7.8MeV protons shows that upstream the
ions at Voyager 1 were strongly beamed in the –T
direction,with intensities in the oppositelydirected
detectors differing by up to a factor of 10. The
intensities are more nearly isotropic in the
heliosheath. Blue indicates that the average
intensity in telescopes A and B exceeds that in C,
indicating flow in the–Tdirection; red indicates the
opposite. c, Same as a for Voyager 2 except that
only telescopesAandCareused indetermining the
directional intensities of 3.3–7.8MeV protons.
d, Same as b for Voyager 2 except that only
telescopes A and C are used. The upstream
beaming was mainly in the1T direction, opposite
to that observed by Voyager 1 and consistent with
the predicted east–west shock asymmetry resulting
froma local interstellarmagnetic field5,6,30. Voyager
2 began observing upstream energetic ions at 75 AU

from the Sun1, 10 AU closer than did Voyager 1,
leading to predictions that the shock would be
closer in the southern hemisphere than in the
north, but with significant differences in the
predicted asymmetry5–7. HS, heliosheath.
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An asymmetric solar wind termination shock
Edward C. Stone1, Alan C. Cummings1, Frank B. McDonald2, Bryant C. Heikkila3, Nand Lal3 &William R. Webber4

Voyager 2 crossed the solar wind termination shock at 83.7 AU in
the southern hemisphere, 10 AU closer to the Sun than found by
Voyager 1 in the north1–4. This asymmetry could indicate an asym-
metric pressure from an interstellar magnetic field5,6, from tran-
sient-induced shock motion7, or from the solar wind dynamic
pressure. Here we report that the intensity of 4–5MeV protons
accelerated by the shock near Voyager 2 was three times that
observed concurrently by Voyager 1, indicating differences in
the shock at the two locations. (Companion papers report on the

plasma8, magnetic field9, plasma-wave10 and lower energy par-
ticle11 observations at the shock.) Voyager 2 did not find the source
of anomalous cosmic rays at the shock, suggesting that the source
is elsewhere on the shock12–14 or in the heliosheath15–19. The small
intensity gradient of Galactic cosmic ray helium indicates that
either the gradient is further out in the heliosheath20 or the local
interstellar Galactic cosmic ray intensity is lower than expected21.

Low energy ions accelerated at the termination shock are observed
upstream of the shock and in the heliosheath (Fig. 1). Voyager 2

1California Institute of Technology, Pasadena, California 91125, USA. 2Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742, USA.
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Figure 1 | Daily-averaged intensities and
streaming of energetic termination shock
particles that are accelerated at nearby regions of
the shock. Voyager 1 and Voyager 2 crossed the
shock and entered the heliosheath on 2004.96 (16
December 2004) at heliographic coordinates of
(34.3u, 173u) and on 2007.66 (30 August 2007) at
(227.5u, 216u), respectively. Insets, telescope (A, B
and C) viewing directions projected into the R–T
plane, where2R is towards the Sun and T is
azimuthal. Error bars on black filled circles,61s.d.
a, The proton intensities (H) at 3.3–7.8MeV
observed byVoyager 1 particle telescopes (A1B)/2
(blue trace) and by C (red trace) are highly variable
upstream of the shock owing to variations in the
connectivity along the spiral field line28,29. The
energetic ions are convected into the heliosheath,
resulting in reduced variations. Similar properties
are apparent in the intensity of 0.5–0.7MeV
protons observed by telescope A (black filled
circles) and shown when the background
correction was,60%. V1 TSP1 and V1 TSP2, two
episodes of termination shock particles observed
by Voyager 1. b, The streaming index (A1B)/(2C)
for 3.3–7.8MeV protons shows that upstream the
ions at Voyager 1 were strongly beamed in the –T
direction,with intensities in the oppositelydirected
detectors differing by up to a factor of 10. The
intensities are more nearly isotropic in the
heliosheath. Blue indicates that the average
intensity in telescopes A and B exceeds that in C,
indicating flow in the–Tdirection; red indicates the
opposite. c, Same as a for Voyager 2 except that
only telescopesAandCareused indetermining the
directional intensities of 3.3–7.8MeV protons.
d, Same as b for Voyager 2 except that only
telescopes A and C are used. The upstream
beaming was mainly in the1T direction, opposite
to that observed by Voyager 1 and consistent with
the predicted east–west shock asymmetry resulting
froma local interstellarmagnetic field5,6,30. Voyager
2 began observing upstream energetic ions at 75 AU

from the Sun1, 10 AU closer than did Voyager 1,
leading to predictions that the shock would be
closer in the southern hemisphere than in the
north, but with significant differences in the
predicted asymmetry5–7. HS, heliosheath.
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Galactic Cosmic Rays 
and the Heliosphere



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



Origin of the Elements

~ 1 GeV/n

Si = 100

big bang
       cosmology

stellar burning
fussion
stellar burning
fussion

stellar burning
fusion

supernova 
explosions



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
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γ

p
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ASCA

Acceleration of particles in supernova remnant



H.E.S.S. Experiment
Namibia

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

γγ

Acceleration of particles in supernova remnant

π0

γ
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γ

p
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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



∂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









The TRACER Detector

Summary of Measurements with TRACER

� Two LDB flights
� Antarctica 2003,.
� Sweden 2006.

� Ten elements
� 5 ≤ Z ≤ 26.
� Primary > 1014 eV.
� Boron > 1013 eV.

� Dashed line
� Power-law fit.
� Average exponent 2.65.

� Measurements are
statistics limited

� TRD not saturated. 1 10 10 2 10 3 10 4 10 5 10 6
10

-22

10
-19

10
-16

10
-13

10
-10

10
-7

10
-4

10
-1

10 2

10 5

10 8

10 11

Kinetic Energy (GeV)

Fl
ux

 (m
2  s

r s
 G

eV
-1

)

B

C

O

Ne
Mg
Si

S
Ar

Ca
Fe

x 1011

x 108

x 105

x 103

x 101

x 10-1

x 10-3

x 10-5

x 10-7

x 10-10

P.J. Boyle for TRACER (UofC, EFI) New Measurements with TRACER 15. August ’11 - ICRC, Beijing (China) 11 / 11

TRACER: Energy spectra for individual elements

P. Boyle et al., ICRC 2011



TRACER: propagation of cosmic rays

A. Obermeier et al., ICRC 2011

Leaky-Box Propagation

Leaky-Box Propagation Parameters
! Continuity equation:

Ni(E) =
1

Λesc(E)−1 + Λ−1
i

×
(
Qi(E)

βcρ
+

∑

k>i

Nk

λk→i

)

! Source Spectrum:
Qi(E) = ni · E−α

! Escape Path Length:

Λesc(E) = CE−δ + Λ0

! Spallation Path Length:

Λi =
m

σ(A)

Boron to Carbon ratio
NB

NC
=

λ−1
→B

Λesc(E)−1 + Λ−1
B

A. Obermeier for TRACER (RU Nijmegen (NL)) Galactic Propagation and the B/C ratio 15. August ’11 - 32nd ICRC, Beijing 3 / 9



TRACER: propagation of cosmic rays

A. Obermeier et al., ICRC 2011

Leaky-Box Propagation

Analysis of 2006 Data
Propagation Index and Residual Path Length

! Fit to all B/C data.

kinetic Energy [GeV/amu]
-110 1 10 210 310 410
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ATIC
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-0.6 E! "
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NC
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λ−1
→B

(CE−δ + Λ0)−1 + Λ−1
B

Result
! Propagation index:

δ = 0.64± 0.02.
! Residual path length:

Λ0 = 0.7± 0.2 g/cm2.

A. Obermeier for TRACER (RU Nijmegen (NL)) Galactic Propagation and the B/C ratio 15. August ’11 - 32nd ICRC, Beijing 5 / 9
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GALPROP

B/C and GALPROP

! Numerical simulation of CR
transport equation.

! Diffusion model.

Propagation Parameters
! Reacceleration.
! Diffusion Index:

δ = 0.34.
! Source index:

α = 2.34.

Strong et al., Annu. Rev. Nucl. Part. S.,
2007, 57:285 kinetic Energy [GeV/amu]
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B/C and GALPROP

! Numerical simulation of CR
transport equation.

! Diffusion model.

Propagation Parameters
! Reacceleration.
! Diffusion Index:
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TRACER: propagation of cosmic rays

A. Obermeier et al., ICRC 2011

Leaky-Box Propagation

The Source Spectrum

! Fit to TRACER oxygen data.
! δ = 0.64, Λ0 = 0.7 g/cm2

kinetic Energy [GeV/amu]
210 310 410 510

2.
65

 E!
ox

yg
en
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ns
ity

 

10

210

Spectrum at Earth

Spectrum at Source

TRACER 2003

TRACER 2006

! Free parameter: α.
! Source spectrum: power law.

Result
! Source index:

α = 2.37± 0.12.

! Agrees with previous results.
! Model predicts spectrum at Earth
may not be a power law (Λ0).

A. Obermeier for TRACER (RU Nijmegen (NL)) Galactic Propagation and the B/C ratio 15. August ’11 - 32nd ICRC, Beijing 6 / 9



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



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

Particle Data Group
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CREAM: are CR spectra not single power 
laws?
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P = 2.66 ± 0.02

Energy (GeV)
10 210 310 410 510 610

1.
75

 (G
eV

)
-1

 s
 s

r)
2

 (m
2.

75
 E×

 F
lu

x 

410

510

He = 2.58 ± 0.02

Energy (GeV)
10 210 310 410 510 610

1.
75

 (G
eV

)
-1

 s
 s

r)
2

 (m
2.

75
 E×

 F
lu

x 

410

510

!"#$% #516758'7+2 9:

E. Seo, ICRC 2011



Moskalenko et al., ICRC 2011

P and He spectra in 
different scenarios
P and He spectra in 
different scenarios

ReferenceReference

RR

All scenarios are tuned 
to the data, except the  
Reference scenario

All scenarios are tuned 
to the data, except the  
Reference scenarioRR Reference scenario

Scenarios L and H: the 
local source 

i

Reference scenario

Scenarios L and H: the 
local source 

i

PropagationPropagation InjectionInjection

PP II

component is 
calculated by the 
subtraction of the 
propagated Galactic

component is 
calculated by the 
subtraction of the 
propagated GalacticPP II propagated Galactic 
spectrum from the data

The local source is 

propagated Galactic 
spectrum from the data

The local source is 
Local LELocal LE Local HELocal HE

HL

assumed to be close to 
us, so no propagation; 
only primary CR 

i

assumed to be close to 
us, so no propagation; 
only primary CR 

i
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Electron energy spectrum

Mocchiutti et al., ICRC 2011
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Positron-to-Electron fraction

Mocchiutti et al., ICRC 2011 Vandenbroucke et al., ICRC 2011

Extending the Positron to Electron Fraction

!"Emiliano Mocchiutti – 32nd International Cosmic Ray Conference – Beijing, August 15th 2011

TMVA analysis for data with E>15 GeV
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many (new) ideas:
several hundreds of articles on arXiv

•modifications of diffuse background due to local 
sources
•local astrophysical sources (e.g. pulsars)
•reacceleration at supernova remnants
•dark matter annihilation
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0.9 TeV

1.5 TeV

2.4 TeV

3.6 TeV

7.2 TeV

18.3 TeV

ARGO-YBJ 2011

 The tail-in broad structure appears to 
dissolve to smaller angular scale spots.

!"#$%&''())*#+,-..(/,

Cosmic-ray anisotropy at TeV energies

B. D‘Ettore Piazzoli et al., ICRC 2011

ARGO
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#306
BenZvi

Observation of anisotropies in the arrival direction 
distribution of cosmic rays above TeV energies in 
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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



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-/+



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



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

poly gonato ~Z

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+γ3K"p+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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The all-particle energy spectrum

DATA

M. Bertaina, ECRS (2010)



A knee-like structure in the spectrum of the 
heavy component of cosmic rays

W.D. Apel et al, arXiv 1107.5885, PRL in press
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FIG. 1: Layout of the KASCADE-Grande experiment: Shown
are the Grande array as well as the KASCADE array with its
central detector (CD) and muon tracking detector (MTD).
The shaded area marks the outer 12 clusters (16 detector
stations each) of the KASCADE array consisting of shielded
(muon array) and unshielded detectors. The inner 4 clusters
consist of unshielded detectors, only.

nent (Z > 13 up to Iron nuclei) is expected in the energy
range from 50 to about 120 PeV. So far, such a struc-
ture has not been observed experimentally. We present
measurements of extensive air showers (EAS) in the pri-
mary energy range of 1016 eV to 1018 eV performed with
KASCADE-Grande (KArlsruhe Shower Core and Array
DEtector with Grande extension) and evaluate the ele-
mental composition of the cosmic rays.
KASCADE-Grande, located at 49.1◦N, 8.4◦E,

110ma.s.l., consists of the Grande array with 37 stations
of 10m2 scintillation detectors each, spread over an area
of 700 × 700m2, the original KASCADE array covering
200 × 200m2 with unshielded and shielded detectors,
a muon tracking device, and a large calorimeter [5, 6].
This multi-detector system allows us to investigate in
detail the EAS generated by high-energy primary cosmic
rays in the atmosphere. For the present analysis, the
estimation of energy and mass of the primary particles
is based on the combined measurement of the charged
particle component by the detector array of Grande and
the muon component by the KASCADE muon array
(Fig. 1). Basic shower observables like the core position,
zenith angle, and total number of charged particles
(shower size Nch) are derived from the measurements
of the Grande stations. While the Grande detectors are
sensitive to charged particles, the muonic component is
measured independently by the shielded detectors of the
KASCADE array. 192 scintillation detectors of 3.24m2

sensitive area each are placed below an iron and lead
absorber to select muons above 230 MeV kinetic energy.
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FIG. 2: Two-dimensional distribution of the shower sizes:
charged particle number and total muon number. All qual-
ity cuts are applied. In addition, a roughly estimated energy
scale is indicated in the upper panel. The lower panel shows
a zoom to higher energies of the same observables, now cor-
rected for attenuation.

A core position resolution of 5m, a direction resolution
of 0.7◦, and a resolution of the shower size of about 15%
are achieved. The total number of muons (Nµ) with a
resolution of about 25% is calculated by combining the
core position determined by the Grande array and the
muon densities measured at the KASCADE array, where
Nµ undergoes a correction for a bias in reconstruction
due to the asymmetric position of the detectors [5].

The present analysis is based on 1173 days of data
taking. The cuts on the sensitive area (EAS core re-
constructed within the array) and zenith angle (< 40◦),
chosen to assure best and constant reconstruction accu-
racies, result in an exposure of 2 · 1013m2·s·sr. Figure 2
displays the correlation of the two observables Nch and
Nµ. This distribution is the basis of the following anal-
ysis, since it contains all the experimental information
required for reconstructing energy and mass of the cos-
mic rays: The higher the energy of the primary cosmic
ray the larger the total particle number. The fraction
of muons of all charged particles at observation level is
characteristic for the primary mass: Showers induced by
heavy primaries start earlier in the atmosphere and the

4

log10(E/GeV)
7 7.5 8 8.5 90.76

0.78
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Y C
IC Fe Si C He H KASCADE-Grande

full efficiency
for all primaries

QGSJet-II.03YCIC= 0.84

FIG. 5: YCIC shower size ratio for five different primary
masses shown as a function of the reconstructed energy.
KASCADE-Grande data are also shown. The line denotes
the chosen cut value of YCIC , the error bars the RMS of the
distribution.

electron-rich (YCIC<0.84)
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all-particle 

all-particle spectrum (from fig.4)

electron-poor 

electron-poor (from fig.4)

KASCADE-Grande

FIG. 6: Energy spectra obtained by using the YCIC -
parameter for separating the events in electron-rich and
electron-poor EAS. The sum of both as well as the electron-
poor (heavy) subsample are compared to the all-particle spec-
trum and electron-poor enhanced event sample obtained with
the k-parameter method.

bins, where a similar behavior is observed for all angular
ranges. The error bars include statistical as well as recon-
struction uncertainties of the k-parameter. The width of
the k distributions decreases slightly for increasing en-
ergy and amounts, at 100PeV, to about ±0.2, ±0.15,
±0.4 for H, Fe and data, respectively.

The k-parameter is used to separate the events into
different mass groups. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep(E) = (kSi(E) + kC(E))/2 distribution. The dashed
lines represent the uncertainties in defining the energy de-

pendent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spec-
tra when the cut is varied within the dashed lines shown
in Fig. 3. The energy resolution for an individual event
is below 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total system-
atic uncertainty in flux of 10-15% [7] [16].
The reconstructed spectrum of the electron-poor

events shows a distinct knee-like feature at about 90PeV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [12] results in a statistical
significance of 3.5σ that the entire spectrum cannot be
fitted with a single power law. The change of the spec-
tral slope is ∆γ = −0.48 from γ = −2.76 ± 0.02 to γ =
−3.24± 0.05 with the break position at log10(E/GeV ) =
7.92± 0.04. Even large variations of the slopes of the se-
lection cut, as well as parallel shifts of the cut lines have
shown that the spectral form, i.e. the knee-like structure
of the electron-poor event sample, is retained. An ex-
ample of a spectrum obtained by such a variation of the
selection cut is also shown in Fig. 4.
Applying the same function to the all-particle spec-

trum results in a statistical significance of only 2.1σ that
a fit of two power laws is needed to describe the spec-
trum. Here the change of the spectral slope is from
γ = −2.95±0.05 to γ = −3.24±0.08, but with the break
position again at log10(E/GeV ) = 7.92±0.10. Hence, the
selection of heavy primaries enhances the knee-like fea-
ture that is already present in the all-particle spectrum.
The spectrum of the electron-rich events (light and me-
dium mass primaries) shows an even steeper slope below
90PeV, but returns to a harder spectrum well above 100
PeV, i.e. it does not compensate totally the break in the
electron-poor spectrum.
A systematic uncertainty possibly affecting the inter-

pretation of the data is related to the attenuation of the
particle numbers in the atmosphere. So far, the atten-
uation given by the EAS simulations is taken into ac-
count. For validation, an independent analysis is per-
formed where the correction for attenuation, i.e. for the
zenith angular dependence, is based on the measured
events, and not on simulations. The correction parame-
ters are obtained by applying the Constant Intensity Cut
Method (CIC) [13] to the two observables independently.
This procedure allows to combine the data collected from
different zenith angles in a model independent way. The
shower size ratio YCIC = log10 N

′
µ/ log10 N

′
ch is calcu-

lated, where N ′
µ and N ′

ch are the shower sizes corrected
for attenuation effects in the atmosphere in such a way
that they correspond to the shower sizes at a reference
zenith angle, θref = 22◦. In order to check, in addi-
tion to the attenuation correction, also reconstruction
and selection uncertainties, we applied for this analysis
more stringent cuts, which increase the energy thresh-
old and decrease the statistics of the event sample com-
pared to the standard analysis. Now, YCIC is used to
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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 UHEν USING THE PIERRE AUGER OBSERVATORY
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Fig. 5. Differential and integrated upper limits (90% C.L.) from the Pierre Auger Observatory for a diffuse flux of down-going ν in the period
1 Nov 07 - 28 Feb 09 and up-going ντ (1 Jan 04 - 28 Feb 09). Limits from other experiments [14] are also plotted. A theoretical flux for
GZK neutrinos Ref. [2] is shown.

The exposure was calculated using purely MC tech-
niques and also integrating the neutrino identification
efficiencies ε over the whole parameter space [8]. All
the neutrino flavours and interactions are accounted for
in the simulations. In particular for ντ we have taken into
account the possibility that it produces a double shower
in the atmosphere triggering the array – one in the ντ

CC interaction itself and another in the decay of the τ
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(Eν) = k · E−2
ν 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 ν peaks.

A preliminary limit on the flux of UHE neutrinos
from the position of Centaurus A (equatorial coords.
δ ∼ −43.0◦, l ∼ −35.2◦) – assuming a point source at
that position – was also obtained. For that purpose we
have integrated the identification efficiency ε over the
fraction of the time (∼ 15.6%) the source is seen in the
SD array with θ between 75◦ and 90◦. The preliminary
limit is ∼ 3 × 10−6 neutrinos per GeV cm−2 s−1.
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Fig. 3. Upper limits on the photon fraction in the integral cosmic-
ray flux from different experiments. The limits from the Auger surface
detector are labeled ’Auger SD’ and the limits from this work – ’Auger
Hybrid’. The thick red line indicates sensitivity of the southern site
of the Auger Observatory to the photon fractions after 20 years of
operation. The other lines indicate predictions from ’top-down’ models
and the shaded region shows the expected GZK photon fraction. The
labels shown here are explained in [5].

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
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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 MΩ.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
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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 20σ . 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−γ2

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

γ1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
γ2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
γ3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
χ2/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, γ2, 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−γ .
An index of γ = 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 20σ . 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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Comparison of spectral features
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Depth of the shower maximum Xmax

Xmax

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, rmsðXmaxÞ, 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 rmsðXmaxÞ 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, rmsðXmaxÞ, 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 rmsðXmaxÞ 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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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 Aitoff-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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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 differences 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 difference 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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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.
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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 different 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%
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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 20σ . 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−γ2

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

γ1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
γ2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
γ3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
χ2/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, γ2, 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−γ .
An index of γ = 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 20σ . 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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gradual increase of the average mass of cosmic rays with
energy up to 59 EeV.
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Fundação de Amparo à Pesquisa do Estado de São Paulo
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FIG. 3. hXmaxi and rmsðXmaxÞ 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 Aitoff-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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Standard Glauber conversion + propagation of modeling uncertainties
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90 ± 7stat (+9
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√
spp = [57 ± 6] TeV

The 1.5mb do not reflect the total theoretical uncertainty, since there are other

models available for the conversion.
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