
Ultra-High Energy Cosmic Rays

First Answers and New Puzzles

Ralph Engel

Karlsruhe Institute of Technology (KIT)



Flux of cosmic rays
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Composition at low energy

Energy spectrum of all-particle flux
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Outline
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Physics of ultra-high energy cosmic rays

Results obtained before 2004

New generation of cosmic ray detectors

New data – first answers

New data – new puzzles

Summary & outlook



Physics of ultra-high energy cosmic rays
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The first really big event
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 Scintillator Array of particle detectors at ground



Cosmic rays of 1020 eV exist !
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 Scintillator 



Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

Challenge: Sources of 1020 eV particles
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Need accelerator of size of Mercury´s orbit
to reach 1020 eV with LHC technology

Hillas plot (1984)

Realistic constraints more severe

• small acceleration efficiency
• synchrotron & adiabatic losses
• interactions in source region
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Energy loss: Flux suppression due to GZK effect

(Cronin, TAUP 2003)
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Energy loss length Energy loss length

Protons

Greisen-Zatsepin-Kuzmin effect (1966)

Measurement of nucleus disintegration
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Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

Photo-dissociation (giant dipole resonance)

Measurement of nucleus disintegration
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Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

Photo-pion production
CMB CMB, IR



Deflection by magnetic fields small (Z=1)
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Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating
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1018 eV 3x1018 eV

1019 eV 1020 eV
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Arrival direction distribution
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GZK effect: anisotropy expected for light elements

GZK effect: source region for E > 6x1019 eV
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Data available as of 2004
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Status of some years ago
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• Flux data contradictory
• Composition: protons ?
• Apparent isotropy

Does GZK sup-
pression exist ?



Arrival direction distribution
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AGASA: 
5 doublets, 1 triplet for
Δθ < 2.5°, E > 4x1019eV

HiRes: 
no confirmation (different
statistics & systematics)

E > 1020eV

Arrival Direction Distribution 

of EHE cosmic rays
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Exotic source and propagation scenarios ?
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Fact sheet: sources

AGNs, GRBs, ...
( ☆ )

Young pulsars
( ☆☆ )

X particles
( ☆☆☆ )

Z-bursts
( ☆☆☆☆ )

Process

Diffuse shock 
acceleration

EM acceleration

Decay & particle 
cascade

Z0 decay & 
particle cascade

Distribution

Cosmological

Galaxy & halo

(a) Halo (SHDM)
(b) Cosmological

Cosmological &
clusters

Injection flux

p ... Fe

mainly Fe

!, "-rays and p

!, "-rays and p

Rapidly spinning young neutron stars

�E =�V ��BMHD condition:

Acceleration in electric field:

Emax ⇥ Z�1019 eV

R � 10km
T � 10 . . .100ms
B � 109 T (= 1013 G)

(Blasi, Olinto et al., ApJ 533, 2000)

Emax � Ze|�E|d
� Ze�r2 B

Active Galactic Nuclei (AGN):
Black Hole of ~109 solar masses

Magnetars:
magnetic field
up to ~1015 G

Super-heavy particles,
topological defects:
MX ~ 1023 - 1024 eV

large fluxes of 
photons and 
neutrinos

(RE, Nijmegen Summer School, 2006)



Exotic source and propagation scenarios ?
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New generation of cosmic ray detectors
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The Pierre Auger Observatory 

1665 surface detectors: 
water-Cherenkov tanks 
(grid of 1.5 km, 3000 km2)

4 fluorescence detectors 
(24 telescopes in total)

LIDARs and laser facilities

High elevation 
telescopes

18

 Infill array of 750 m,
 Radio antenna array 

Southern hemisphere:
Province Mendoza, Argentina
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The energy spectrum from surface detector data (I)
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The energy spectrum from surface detector data (I)
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Several shower observables

Example: event observed by Auger
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Telescope Array (TA)

20Northern hemisphere: Utah, USA

~3
0 

km 507 SDs cover 680 km2 

3 FD stations

Utah, USA
39.3 0 N
112.9 0 W
Alt. 1400 m

- Central Laser 
- Lidar, IR camera 

- Electron Light Source 

Calibration Facilities

507 surface detectors: 
double-layer scintillators 
(grid of 1.2 km, 680 km2)

3 fluorescence detectors
(2 new, one station HiRes II)

Middle Drum: based on HiRes II

ELS Operation

LIDAR
Laser facility

FD Observation
Sep.3rd.2010   Beam Shot into the Sky, and Observed by FD

Event Display of ELS Shower 
Data  :  Sep.5th .2010.  AM04:30(UTC)

Energy : 41.1MeV 

Charge : 50pC/pulse

����

Beam Operation            :  Sep.2nd -4th

Beam shot into the Sky :   Sep. 3rd and 4th

# of Shot into the Sky�1800 pulses

Output power = 41.4MeV�40�140pC/pulse�0.5Hz

�	��
���

���

Electron light source 
(ELS): ~40 MeV

Infill array and high
elevation telescopes
under construction

Test setup for
radar reflection



Comparison of surface detectors
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Telescope Array: thin scintillators
- main part of signal due to em. particles
- low sensitivity to muons

Auger: thick water-Cherenkov detectors
- large part of signal due to muons
- large acceptance to inclined showers

Complementary surface detector arrays



Exposures of UHECR observatories
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Pierre Auger Observatory
Province Mendoza, Argentina 
1660 detector stations, 3000 km2

27 fluorescence telescopes

Telescope Array (TA)
Delta, UT, USA
507 detector stations, 680 km2

36 fluorescence telescopes

• Zenith ranges :[0-55°] for TA, 
[0-60°] for Auger

➡ Zenith ranges + latitudes : 
full-sky coverage achieved 

• Energy threshold : geometric 
directional exposure

Full-Sky Coverage
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➡ BUT unavoidable uncertainty in the relative exposures of the experiments

b : fudge factor absorbing systematics of any 
origin (relative exposure, energy scale, etc)

Measuring Large-Scale Anisotropy of Cosmic Rays above 1019 eV

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
Earth to describe the directional exposure of any experi-
ment. The random sample {n1, ...,nN} results from a Pois-
son process whose average is the flux of cosmic rays$(n)
coupled to the directional exposure"(n) of the considered
experiment :

〈

dN(n)

d%

〉

= "(n)$(n). (1)

As any angular distribution on the unit sphere, the flux
of cosmic rays $(n) can be decomposed in terms of a
multipolar expansion onto the spherical harmonicsYℓm(n) :

$(n) = &
ℓ≥0

ℓ

&
m=−ℓ

aℓmYℓm(n). (2)

Any anisotropy fingerprint is encoded in the aℓm multi-
poles. Non-zero amplitudes in the ℓ modes arise from vari-
ations of the flux on an angular scale ≃ 1/ℓ radians.
The directional exposure of each observatory provides

the effective time-integrated collecting area for a flux from
each direction of the sky. In principle, the combined direc-
tional exposure of the two experiments should be simply
the sum of the individual ones. However, individual expo-
sures have here to be re-weighted by some empirical factor
b due to the unavoidable uncertainty in the relative expo-
sures of the experiments. The parameter b can be viewed
as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
ray :

"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
"Auger in right ascension turn out to be not larger than few
thousandths, yielding to non-uniformities in the observed
angular distribution at the corresponding level. Given that
the limited statistics currently available above 1019 eV can-
not allow an estimation of each aℓm coefficient with a preci-
sion better than a few percent, the non-uniformities of "TA
and "Auger in right ascension can be neglected so that both

functions are considered to depend only on the declination
hereafter. On the other hand, since the high energy thresh-
old guarantees that both experiments are fully efficient in
their respective zenithal range [0− 'max], the dependence
on declination is purely geometric [3] :

"i(n) = Ai

(

cos(i cos! sin#m+#m sin(i sin!

)

, (4)

where (i is the latitude of the considered experiment, the
parameter #m is given by

#m =

⎧

⎨

⎩

0 if ) > 1,
* if ) < −1,
arccos) otherwise,

(5)

with ) ≡ (cos'max− sin(i sin! )/cos(i cos! , and the nor-
malisation factors Ai are tuned such that the integration
of each "i function over 4* matches the (total) exposure
of the corresponding experiment. For b = 1, the resulting
"(! ) function is shown in figure 1.
In practice, only an estimation b of the factor b can be

obtained, so that only an estimation of the directional expo-

sure "(n) ≡ "(n;b) can be achieved through equation 3.
The procedure used for obtaining b from the joint data set
will be described below. The resulting uncertainties propa-
gate into uncertainties in the measured aℓm anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
exactly.
With full-sky but non-uniform coverage, the custom-

ary recipe for decoupling directional exposure effects from
anisotropy ones consists in weighting the observed angular
distribution by the inverse of the relative directional expo-
sure function :

dÑ(n)

d%
=

1

"r(n)

dN(n)

d%
. (6)

The relative directional exposure is the dimensionless func-
tion normalized to unity at its maximum. When the func-
tion " (or "r) is known from a single experiment, the av-
eraged angular distribution

〈

dÑ/d%
〉

is, from equation 1,
identified with the flux of cosmic rays$(n) times the total
exposure of the experiment. Due to the finite resolution to
estimate b, the relationship between

〈

dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈

dÑ(n)

d%

〉

=

〈

1

"r(n)

〉

"(n)$(n). (7)

However, for an unbiased estimator of b with a resolution
better than≃ 10% (the actual resolution on bwill be shown
hereafter to be of the order of ≃ 3.5%), the relative differ-
ences between ⟨1/"r(n)⟩ and 1/"r(n) are actually smaller
than 10−3 in such a way that

〈

dÑ/d%
〉

can still be identi-
fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered aℓm coefficients defined as

aℓm =
∫

4*
d%

dÑ(n)

d%
Yℓm(n) =

N

&
i=1

Yℓm(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying aℓm multi-
poles since the relationship ⟨aℓm⟩ = aℓm can be established
by propagating equation 7 into ⟨aℓm⟩.
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
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as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
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"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
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gate into uncertainties in the measured aℓm anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
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dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈
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fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered aℓm coefficients defined as

aℓm =
∫

4*
d%

dÑ(n)

d%
Yℓm(n) =

N

&
i=1

Yℓm(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying aℓm multi-
poles since the relationship ⟨aℓm⟩ = aℓm can be established
by propagating equation 7 into ⟨aℓm⟩.
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• Zenith ranges :[0-55°] for TA, 
[0-60°] for Auger

➡ Zenith ranges + latitudes : 
full-sky coverage achieved 

• Energy threshold : geometric 
directional exposure
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
Earth to describe the directional exposure of any experi-
ment. The random sample {n1, ...,nN} results from a Pois-
son process whose average is the flux of cosmic rays$(n)
coupled to the directional exposure"(n) of the considered
experiment :

〈

dN(n)

d%

〉

= "(n)$(n). (1)

As any angular distribution on the unit sphere, the flux
of cosmic rays $(n) can be decomposed in terms of a
multipolar expansion onto the spherical harmonicsYℓm(n) :

$(n) = &
ℓ≥0

ℓ

&
m=−ℓ

aℓmYℓm(n). (2)

Any anisotropy fingerprint is encoded in the aℓm multi-
poles. Non-zero amplitudes in the ℓ modes arise from vari-
ations of the flux on an angular scale ≃ 1/ℓ radians.
The directional exposure of each observatory provides

the effective time-integrated collecting area for a flux from
each direction of the sky. In principle, the combined direc-
tional exposure of the two experiments should be simply
the sum of the individual ones. However, individual expo-
sures have here to be re-weighted by some empirical factor
b due to the unavoidable uncertainty in the relative expo-
sures of the experiments. The parameter b can be viewed
as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
ray :

"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
"Auger in right ascension turn out to be not larger than few
thousandths, yielding to non-uniformities in the observed
angular distribution at the corresponding level. Given that
the limited statistics currently available above 1019 eV can-
not allow an estimation of each aℓm coefficient with a preci-
sion better than a few percent, the non-uniformities of "TA
and "Auger in right ascension can be neglected so that both

functions are considered to depend only on the declination
hereafter. On the other hand, since the high energy thresh-
old guarantees that both experiments are fully efficient in
their respective zenithal range [0− 'max], the dependence
on declination is purely geometric [3] :

"i(n) = Ai

(

cos(i cos! sin#m+#m sin(i sin!

)

, (4)

where (i is the latitude of the considered experiment, the
parameter #m is given by

#m =

⎧

⎨

⎩

0 if ) > 1,
* if ) < −1,
arccos) otherwise,

(5)

with ) ≡ (cos'max− sin(i sin! )/cos(i cos! , and the nor-
malisation factors Ai are tuned such that the integration
of each "i function over 4* matches the (total) exposure
of the corresponding experiment. For b = 1, the resulting
"(! ) function is shown in figure 1.
In practice, only an estimation b of the factor b can be

obtained, so that only an estimation of the directional expo-

sure "(n) ≡ "(n;b) can be achieved through equation 3.
The procedure used for obtaining b from the joint data set
will be described below. The resulting uncertainties propa-
gate into uncertainties in the measured aℓm anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
exactly.
With full-sky but non-uniform coverage, the custom-

ary recipe for decoupling directional exposure effects from
anisotropy ones consists in weighting the observed angular
distribution by the inverse of the relative directional expo-
sure function :

dÑ(n)

d%
=

1

"r(n)

dN(n)

d%
. (6)

The relative directional exposure is the dimensionless func-
tion normalized to unity at its maximum. When the func-
tion " (or "r) is known from a single experiment, the av-
eraged angular distribution

〈

dÑ/d%
〉

is, from equation 1,
identified with the flux of cosmic rays$(n) times the total
exposure of the experiment. Due to the finite resolution to
estimate b, the relationship between

〈

dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈

dÑ(n)

d%

〉

=

〈

1

"r(n)

〉

"(n)$(n). (7)

However, for an unbiased estimator of b with a resolution
better than≃ 10% (the actual resolution on bwill be shown
hereafter to be of the order of ≃ 3.5%), the relative differ-
ences between ⟨1/"r(n)⟩ and 1/"r(n) are actually smaller
than 10−3 in such a way that

〈

dÑ/d%
〉

can still be identi-
fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered aℓm coefficients defined as

aℓm =
∫

4*
d%

dÑ(n)

d%
Yℓm(n) =

N

&
i=1

Yℓm(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying aℓm multi-
poles since the relationship ⟨aℓm⟩ = aℓm can be established
by propagating equation 7 into ⟨aℓm⟩.
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Overlap
region

10,900 events
3,400 in overlap region

1,800 events
650 in overlap regionE > 1019 eV



New results on ultra-high energy cosmic rays:

First answers
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Answer 1:  The flux is suppressed
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Data from 
ICRC 2013

Extrapolated flux

Typically 15-20% energy
scale uncertainty



17.5 18.0 18.5 19.0 19.5 20.0 20.5
log10(E/eV)

1036

1037

1038

E3 J(
E)

h eV
2

km
�

2
sr

�
1

yr
�

1i

DE/E = 14 %

Proton, Ecut = 1020 eV
Proton, Ecut = 1020.5 eV
Iron, Ecut = 1020 eV
Iron, Ecut = 1020.5 eV

1018 1019 1020
E [eV]

Energy      (eV/particle)
1310 1410 1510 1610 1710 1810 1910 2010 2110

)
1.

5
 e

V
-1

 s
r

-1
 s

-2
 J

(E
)  

 (m
2.

5
Sc

al
ed

 fl
ux

   
E

1310

1410

1510

1610

1710

1810

1910

    (GeV)ppsEquivalent c.m. energy  
210 310 410 510 610

RHIC (p-p)
-p)aHERA (

Tevatron (p-p) 14 TeV7 TeV
LHC (p-p)

ATIC
PROTON
RUNJOB

KASCADE (QGSJET 01)
KASCADE (SIBYLL 2.1)
KASCADE-Grande 2012
Tibet ASg (SIBYLL 2.1)

HiRes-MIA
HiRes I
HiRes II
Auger ICRC 2013
TA SD 2013

Energy spectrum: expected flux suppression
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Proton dominated flux
Suppression: delta resonance
Ankle: e+e– pair production

Iron dominated flux
Suppression: giant dipole resonance
Ankle: transition to galactic sources

(Dip model of Berezinsky et al.)

Auger ICRC 2013, preliminary



Answer 2:  Most exotic source models excluded
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Photon Search Results
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Most exotic source scenarios excluded or strongly disfavoured,
similar results for ultra-high energy neutrino searches

Searches for photon- and neutrino-induced showers: integral limits

(Photon & neutrino WG, UHECR 2012)

Photon showers penetrate 
deeper in the atmosphere, 
contain almost no muons

Super-heavy dark matter
Topological defects



Answer 3:  Arrival direction distribution is anisotropic
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Centaurus A

Virgo A

Fornax A
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Hammer-Aitoff projection,
Equatorial coordinates

Auger Collab. 2007

Active Galactic Nuclei: sources or tracer of sources
Small magnetic deflection: protons or light nuclei

70% of particles with E > 5.5 1019 eV 
correlated with AGNs (D < 75 Mpc) 
within 3.1°,  21% expected

Less than 1% chance probability

correlated 
events (20)

uncorrelated
events (7)

Galactic plane



Closest Active Galactic Nucleus: Centaurus A

Moon for comparison of apparent size
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New results on ultra-high energy cosmic rays:

New puzzles
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Composition from longitudinal shower profile

Example: event measured by Auger Collab. 30

Mean depth of shower profiles and shower-to-
shower fluctuations as measure of composition

Iron
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Mass composition from shower profile
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Example: proton-iron mixture

(Auger Collab. PRL 104, 2010, updated: ICRC 2013)

Independent confirmation from
other composition indicators



Figure 4: Left: Relative abundance of secondary nucleons, dinucleons, trinucleons and �-
particles in the propagated spectra assuming di�erent pure complex nuclei composition at
the sources (see labels), a source spectral index ⇥ = 2.0 and maximum energy Emax(Z) =
Z� 1020.5 eV. Center : Propagated spectrum assuming the same mixed composition as in
Fig. 3b, the maximum energy at the sources is Emax(Z) = Z� 4 1018 eV and the spectral
index ⇥ = 1.6. The propagated spectrum is compared to Auger data [79]. Right : Same
as the central panel, but for a mixed composition enriched in heavy elements (30% of the
source composition), a maximum energy Emax(Z) = Z � 4 1018 eV and a spectral index
⇥ = 2.0.

nuclei compositions. In these cases, the light component in the extragalactic
composition is provided by the emission of nucleons due to photodisintegra-
tion processes. Above an energy ⇥ A�5 1018 eV (depending on redshift) nu-
clei interact with CMB photons and are photodisintegrated both very rapidly
[32] and completely. Above ⇥ 5 1018 eV secondary nucleons (emitted by a
primary of mass A and charge Z) are to good approximation injected ”imme-
diately” (this approximation holds only for reasonably distant sources) with
the same spectral index as the primary nuclei up to an energy Emax(Z)/A
and with a relative abundance A2�� (where � is the source spectral index)
compared to primary nuclei at the same energy. The photodisintegration
of nuclei slows down as the energy decreases and the injection of secondary
nucleons is then harder than the primary nucleus spectral index (and much
more spread in time). The energy evolution of the composition is afterwards
a�ected by the energy losses of the primary component and the secondary
nucleons the same way as in the mixed composition case. This is illustrated
on Fig. 4a, where the energy evolution of the relative abundance of secondary
fragments 8 is shown assuming the di�erent cases of pure composition at the

8In a vast majority nucleons but also dinucleons, trinucleons, and � particles

14

Upper end of source energy spectrum seen ?

32

Protons Emax,p = 1018.4 eV Iron Emax, Fe = 26 Emax,p

                    = 1020 eV

(Allard, 1111.3290)
 Natural transition to heavier
 composition at high energy !

(see also Calvez et al. 2010,  Aloisio et al. 2011)

Astrophysics?
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not a fit! Two-parameter model adjusted to Auger flux, not composition data
13

Fluctuations of Xmax

proton

iron

Different interpretation: 
Suppression not due mainly 
to GZK energy-loss effect

(Unger 2012)

Particle flux



Figure 4: Left: Relative abundance of secondary nucleons, dinucleons, trinucleons and �-
particles in the propagated spectra assuming di�erent pure complex nuclei composition at
the sources (see labels), a source spectral index ⇥ = 2.0 and maximum energy Emax(Z) =
Z� 1020.5 eV. Center : Propagated spectrum assuming the same mixed composition as in
Fig. 3b, the maximum energy at the sources is Emax(Z) = Z� 4 1018 eV and the spectral
index ⇥ = 1.6. The propagated spectrum is compared to Auger data [79]. Right : Same
as the central panel, but for a mixed composition enriched in heavy elements (30% of the
source composition), a maximum energy Emax(Z) = Z � 4 1018 eV and a spectral index
⇥ = 2.0.

nuclei compositions. In these cases, the light component in the extragalactic
composition is provided by the emission of nucleons due to photodisintegra-
tion processes. Above an energy ⇥ A�5 1018 eV (depending on redshift) nu-
clei interact with CMB photons and are photodisintegrated both very rapidly
[32] and completely. Above ⇥ 5 1018 eV secondary nucleons (emitted by a
primary of mass A and charge Z) are to good approximation injected ”imme-
diately” (this approximation holds only for reasonably distant sources) with
the same spectral index as the primary nuclei up to an energy Emax(Z)/A
and with a relative abundance A2�� (where � is the source spectral index)
compared to primary nuclei at the same energy. The photodisintegration
of nuclei slows down as the energy decreases and the injection of secondary
nucleons is then harder than the primary nucleus spectral index (and much
more spread in time). The energy evolution of the composition is afterwards
a�ected by the energy losses of the primary component and the secondary
nucleons the same way as in the mixed composition case. This is illustrated
on Fig. 4a, where the energy evolution of the relative abundance of secondary
fragments 8 is shown assuming the di�erent cases of pure composition at the

8In a vast majority nucleons but also dinucleons, trinucleons, and � particles

14

Upper end of source energy spectrum seen ?

33

Protons Emax,p = 1018.4 eV Iron Emax, Fe = 26 Emax,p

                    = 1020 eV

(Allard, 1111.3290)

(see also Calvez et al. 2010,  Aloisio et al. 2011)

Particle flux

• Rigidity-dependent maximum 
injection energy

• Galactic composition

• Hard source injection spectrum

Astrophysics: very exotic result!

dN
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Puzzle 1:  Maximum-energy or GZK energy-loss ?
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“Galactic” (Allard-type) scenario: fixed k = 5

γ log10 Ecut(Fe) J0 H(%) He(%) N(%) Si(%) Fe(%) χ2 /dof
k=5, 4 m 1.25 19.9 40.4 74.3 14.8 8.8 - 2.0 57.19/29

colour code for the spectrum plots:
“4 masses”: A = 1 (blue), 2 ≤ A ≤ 4 (gray), 9 ≤ A ≤ 26 (green) and 27 ≤ A ≤ 56 (red)
“5 masses”: A = 1 (blue), 2 ≤ A ≤ 4 (gray), 9 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (violet), 39 ≤ A ≤ 56 (red)
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“Free mass fractions” (Hooper-Taylor-type) scenario

γ log10 Ecut(Fe) J0 H(%) He(%) N(%) Si(%) Fe(%) χ2 /dof
4 masses 1.00 20.2 6.9 0.5 0. 96.7 - 2.7 23.39/26

colour code for the spectrum plots:
“4 masses”: A = 1 (blue), 2 ≤ A ≤ 4 (gray), 9 ≤ A ≤ 26 (green) and 27 ≤ A ≤ 56 (red)
“5 masses”: A = 1 (blue), 2 ≤ A ≤ 4 (gray), 9 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (violet), 39 ≤ A ≤ 56 (red)
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Secondary
protons

Allard et al. 2011

Hooper-Taylor et al. 2012

(Sergio Petrera et al.)

Fe

Fe

N

N

p

p

Difference: scaling with charge Z or mass number A
Both scenarios: hard injection spectrum and heavy source composition

(Shaham & Prian, Phys. Rev. Lett. 110, 2013)

Injection: ~70% N or Si (almost no light elements)
Injection: Galactic composition with
              enhanced heavy elements

He

He



Puzzle 2:  source models with hard spectrum
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Low-energy part:
many galactic magnetars

1 example w/ Young Pulsars!

56 70%P+15%He+12%CNO+3%Fe 
Fang, Kotera, AVO ‘12 

High-energy part:
extragalactic (extreme) magnetar

(Aron 2003, Olinto, Kotera et al., 2012, Fang et al. 2013)
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Centaurus A as dominating local source
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Vereinigung von Schweren Löchern

  

Figure 6 The radio galaxy NGC326 and its merger. Source Lecture S. Britzen

8

The Astrophysical Journal, 746:72 (5pp), 2012 February 10 Biermann & de Souza

measured. Today it is possible to compare the predictions with
high-precision data over the entire energy range. Therefore, it
becomes important to have predictive power, i.e., to test quan-
titative hypotheses which were developed long before much of
the new data were known.

We revisit here an idea originally proposed in 1993 (Biermann
1993; Biermann & Cassinelli 1993; Biermann & Strom 1993;
Stanev et al. 1993) and we show how our Galaxy and the radio
galaxy Cen A can describe the energy spectrum from 10 PeV
up to 3 × 1020 eV and describe the Galactic to extragalactic
transition at the same time.

In the following sections, we first go through the tests the
1993 original model has undergone to date as regards spectra,
transport, secondaries, and composition; second, we confirm
the predictions of the original model with the newly available
data beyond the knee energy, and finally we present the high-
energy model which describes the transition between Galactic
and extragalactic cosmic rays.

2. ORIGINAL MODEL AND ITS TESTS TO DATE

In a series of papers started in 1993 (Biermann 1993;
Biermann & Cassinelli 1993; Biermann & Strom 1993; Stanev
et al. 1993; Biermann 1994) an astrophysics scenario was
proposed which emphasized the topology of the magnetic fields
in the winds of exploding massive stars (Parker 1958). In Stanev
et al. (1993), a comprehensive spectrum was predicted for
six element groups separately: H, He, CNO, Ne–S, Mn–Cl,
and Fe. The key points of this original model are as follows.
(1) The shock acceleration happens in a region which is
highly unstable and shows substructure, detectable in radio
polarization observation of the shock region, which is also
found in theoretical explorations (e.g., Bell & Lucek 2001;
Caprioli et al. 2010; Bykov et al. 2011). Therefore, the particles
go back and forth across the shock gaining momentum, while
the scattering on both sides is dominated by the scale of these
instabilities, which are assumed to be given by the limit allowed
by the conservation laws of mass and momentum. (2) There are
cosmic-ray particles which get accelerated by a shock in the
ISM, produced by the explosion of a relatively modest high-
mass star or, alternatively, by a low-mass SN Ia. This is most
relevant for hydrogen and less so for helium and heavier nuclei.
(3) Heavy cosmic-ray nuclei derive from very massive stars,
which explode into stellar winds already depleted in hydrogen,
and also in helium for the most massive stars. These explosions
produce a two-part spectrum with a bend that is proposed to
explain the knee. In this scenario, the knee is due to the finite
containment of particles in the magnetic field of the predecessor
stellar wind, which runs as sin θ/r in polar coordinates (Parker
1958). Toward the pole region only lower energies are possible
and the knee energy itself is given by the space available in the
polar region. There is a polar cap component of cosmic rays
associated with the polar radial field with a flatter spectrum. (4)
Diffusive leakage from the cosmic-ray disk steepens all these
spectra by 1/3 for the observer. (5) Very massive stars eject
most of their zero-age mass before they explode and so form a
very massive shell around their wind (Woosley et al. 2002). This
wind shell is the site of most interaction for the heavy nuclei
component of cosmic rays. For stellar masses above about 25
solar masses in zero-age main-sequence mass (Biermann 1994),
the magnetic irregularity spectrum is excited by the cosmic-
ray particles themselves. The spectral steepening due to the
interactions is E−5/9 for the most massive star shells.
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Figure 1. Energy spectrum calculated with this model compared to the
data from KASCADE (KASCADE Collaboration 2009), KASCADE-Grande
(KASCADE-Grande Collaboration 2010), and Pierre Auger Observatory
(Pierre Auger Collaboration 2010a). The numbers in the upper part of the figure
show the error of the model defined as (Model − Data)/(Experimental Error).
The shape of the six element spectra from the Galactic and the extragalactic
component is the same by the model assumption.
(A color version of this figure is available in the online journal.)

The final spectrum is a composite of these components; see
Figure 1 of Stanev et al. (1993). The spectra predicted by these
arguments match the data such as shown by the recent Cosmic
Ray Energetics And Mass (CREAM) results (Wiebel-Sooth
et al. 1998; Biermann et al. 2009). This scenario has undergone
detailed tests as regards propagation and interactions (Biermann
1994; Biermann et al. 2009) so as to describe both Galactic
propagation and the spectra of the spallated isotopes as well as
the resulting positron spectra, the flatter cosmic-ray positron and
electron data, the Wilkinson Microwave Anisotropy Probe haze
and the spectral behavior of its inverse Compton emission, and
the 511 keV emission from the Galactic center region. New
Transition Radiation Array for Cosmic Energetic Radiation
(TRACER) results (Obermeier 2011) are also consistent in
terms of (1) the low-energy source spectrum, (2) the energy
dependence of interaction, (3) a finite residual path length at
higher energy, and (4) a general upturn in the individual element
spectra. The newest Pamela results (Adriani et al. 2011) are also
consistent with the 1993 original model in which hydrogen
was the only element to have a strong ISM–SN cosmic-ray
component, and so has a steeper spectrum than helium.

2.1. A Test Beyond the Knee

This original model was proposed to explain the particles
observed above 109 eV per nuclear charge. Here we first test
the original model with the KASCADE data. The most accurate
measurement of the energy spectrum in the knee energy range
has been done by the KASCADE experiment (KASCADE-
Grande Collaboration 2010). Figure 1 shows for the first time
the comparison of the original model to the measured data
from KASCADE. KASCADE reconstructs the spectrum using
two hadronic interaction programs (QGSJet and Sibyll) in the
analysis procedure. In the figure we show the data and the
original model, and also include the ratio of the difference
between original model and data divided by the experimental
error. For the ratio shown we use only one of these interaction
codes; as an example we use QGSJet. The figure shows good
agreement between data and the original model to within the

2

Single reflection of galactic population 
of cosmic rays on ultra-relativistic 
shock front of AGN jet

Spin flip of black hole leads to
re-orientation of rotation axis

(Biermann et al. 2012)



Puzzle 3:  Heavy elements and anisotropy ?

37

UHE Correlation with AGNs within GZK-sphere?
VCV catalogue, E> 57 EeV, z<0.018, distance < 3.1 deg.

Differential Auger Signal
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Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves
indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the
region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate
the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;
(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated
from (b) and (c) using Equation 1.

Latest data from TA: source region in northern sky
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(TA Collab., 1404.5890)
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Fig. 1.— Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves
indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV is defined as the
region above the dashed curve at Dec. = −10◦. (a) The points show the directions of the

UHECRs E > 57 EeV observed by the TA SD array, and the closed and open stars indicate
the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color

contours show the number of observed cosmic ray events summed over a 20◦-radius circle;
(c) number of background events from the geometrical exposure summed over a 20◦-radius

circle (the same color scale as (b) is used for comparison); (d) significance map calculated
from (b) and (c) using Equation 1.

Source region on 20° 
smearing, appox. 5 sigma

Part of sky not seen
by Auger Observatory

Chance probability to find
equivalent excess if isotropy
is assumed ~3.6 sigma, 1.4 10-4
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Puzzle 4:  Flux suppression not universal ?
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Fluxes really different
in suppression region ?



Summary
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• Flux suppression unambiguously established
- Indications for charge-dependent max. injection energy 

- Importance of possible GZK suppression of flux unclear

• Exotic sources of ultra-high energy particles strongly disfavoured

• Anisotropy found at E > 5.7 1019 eV

• Mixed or heavy composition favoured at very high energy
- Dependence on modelling hadronic interaction (LHC data)

- No composition data for highest energies available

• Flux suppression due to energy loss or maximum injection energy ?

• Sources with hard injection spectrum and very heavy composition ?

• New proton component appearing at highest energies ?

• Particle physics extrapolation to 400 TeV cms energy ?

First answers

New puzzles



Outlook
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Telescope Array:
Extension of existing array by factor ~5 (comparable to existing Auger array)

Auger Observatory: 
Upgrade of detector array to be operated 2017 – 2023
Measurement composition up to highest energies, composition-enhanced anisotropy
Study of hadronic interactions in air showers, muon counting

JEM-EUSO:
Anisotropy searches, spectrum at highest energies
New technology: pathfinder
for future missions

Andrea Santangelo, 
Kepler Center-Tü 

1 MLinsley 

Why JEM-EUSO? Large exposure + Full sky coverage 

In addition: multi-messenger
information from neutrino
and gamma ray observations



Mulit-messenger:  work driven by new data

42

2

-150 -100 -50 0 50 100 150

-80

-60

-40

-20

0

20

40

60

80

0180360

R.A. [deg]

30

-30

60

-60

Dec. [deg]

Mrk 421

Fig. 1.— Sky map in equatorial coordinates of the 28 IceCube neutrinos (IceCube Collaboration 2013), Telescope Array 5-year events
with E > 57 EeV and zenith angle ✓ < 55� (Abbasi et al. 2014), and a neaby active �-ray source Mrk 421. The TA hotspot is indicated
with the 20� radius circle of the center of the excess.

fore reaching the IceCube detector. Thus, the first order
correction is that the northern hemisphere e↵ective area
will be highest along the equatorial plane, and smallest at
high declination. Since the TA excess is centered around
dec. = 43.2�, the first order correction to the e↵ective
area in this region would be approximately 0, or perhaps
slightly negative, making our results conservative. Given
a flat e↵ective area, we compute the probability for two
IceCube events to have central positions within the TA
hotspot to be 0.017, and we can thus reject the coinci-
dence of the IceCube events with the TA excess at 2.1 �.
Including a 5th neutrino (corresponding to neutrino 5,
which is centered at a declination of only -0.4�) dilutes
this result somewhat to 1.9�. We note that additional
modeling of the IceCube e↵ective area (as well as the ob-
servation of additional neutrinos) will further clarify or
rule out this enticing coincidence.
Furthermore, we note that the statistical correlation

between these IceCube neutrinos is also of interest. The
IceCube collaboration notes that the morphology of the
28 observed extraterrestrial neutrinos is consistent with
isotropy, although a slight excess is observed in the south-
ern hemisphere. However, this finding of isotropy does
not necessarily hold for any particular set of neutrinos,
once a specific region of interest is picked out a pri-
ori. Using the IceCube collaborations published error
ellipses for each of its recorded neutrinos, the probabil-
ity of two northern hemisphere neutrinos being located
within their 1� error ellipses is 0.21 (0.8�), while the
probability of two neutrinos being located closer than
the observed o↵set of 13� is 0.14 (1.1�). Though neither
of these measures are statistically significant, the fact
that the two neutrinos also overlap the TA hotspot is
statistically interesting. Further data from the IceCube
experiment may be able to soon conclusively determine
whether there is an anisotropy in the IceCube neutrino
flux which is consistent with the TA excess.

3. THE ICECUBE NEUTRINO SPECTRUM

In addition to checking the spatial consistency of the
IceCube and TA data, it is worth checking whether the
spectrum and intensity of the neutrino events are consis-
tent with the TA excess. While constraints on the spec-
trum are extremely loose due to small-number statistics,
it is worth asking whether the intensities of each excess
are consistent, given theoretical models for the spectra
of each messenger. In order to calculate the neutrino
intensity, we partition the neutrino events into two en-
ergy bins: one which stretches from 30 TeV to 3 PeV,
and contains 2 events against a northern hemisphere as-
trophysical background of approximately 0 events and
a di↵use background of 0.22 events, which is calculated
based on the probability that an event from an isotropic
direction in the northern sky happens to land inside the
TA excess region. Additionally, we list a second energy
bin from 3 PeV to 10 PeV, which contains no events and
no background. Any flux yielding more than 2.3 events
in the high energy bin is thus excluded at more than 90%
confidence.
Adopting the IceCube Northern Hemisphere e↵ective

area and 662 days live time of detection, we find the
neutrino flux in the hotspot region to be (1.3 ± 0.9) ⇥
10�8 GeV cm�2 s�1, as indicated by the blue cross in
Fig. 2 (left). The null bin poses a loose limit because
IceCube has a relatively small e↵ective area in North-
ern Hemisphere above 1 PeV. This upper limit can be
enhanced with the IceCube point source sensitivity at
the hotspot declinations, for muon neutrinos with energy
from 1 PeV to 1 EeV in E�2 spectrum, presented as the
black dash line in Fig. 2 (left) (Aartsen et al. 2013). We
note that these bins were picked in order to encapsulate
the entire extraterrestrial IceCube neutrino flux into a
single energy bin, and that it is di�cult to calculate any
spectrum from this process as the choices in binning pa-

Work from today morning:
Fang et al. 1404.6237

TA excess region

IceCube high-energy neutrinos

Correlation at 2 sigma level



Auger upgrade – muonic and em. shower components
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Figure 2: Water tank (in green), concrete precast (in black) and RPC chambers (in brown) in the MARTA baseline
configuration.

A schematic representation of one detector unit with MARTA is given in figure 2. The baseline configuration is
four RPC chambers per tank covering a total area of about 7 m2. The water in the tank acts as an absorber of the
electromagnetic component of the shower, allowing us to separate the muon component. Combined information of the
RPC and the tank will allow us to deconvolute the electromagnetic component. While the RPC module configuration
is relatively constrained (its area is defined by the tank area and the chamber structure is optimized for outdoor, low
gas flux operation), the readout pad structure (number of channels) and possible shielding materials above the RPC
can be optimized. A baseline design complying with the requirements defined above is presented here. Optimization
studies are nevertheless still in progress.

2.1. Detector design
2.1.1. RPC module
The design of the detector follows an approach in which the sensitive volume is physically separated from the signal
pickup electrodes. This solves at once the high voltage insulation and gas tightness issues and considerably reduces
the amount of feedthroughs. Readout electrodes are applied externally. The fundamental choices concerning the gas
gaps (namely number and width of the gaps) were made taking into account the robustness of the e�ciency plateau,
the required high voltages, easiness of assembly and cost. Details are given in [37].
The baseline detection module has two 1 mm gas gaps between 2 mm thick soda-lime glass layers separated by Nylon
monofilaments (fishing line). The stack is then closed inside a permanently glued acrylic box. The present sealed
chamber engineering prototype has dimensions of 1200⇥1500⇥2 mm3. The high voltage is applied by means of a layer
of resistive acrylic paint on the outer glass electrodes. Only four feedthroughs are needed, two for the high voltage
and two for the gas input and output. The RPC gas box is then covered with the readout plane and enclosed in a 3 mm
thick aluminium shielding box. Cables are attached to each pad and the cable grounds are soldered into an aluminium
insert that is later bolted into the cover plates. The bottom cover plate serves as a common readout electrode. Details
are given in figure 3. The baseline cabling configuration foresees the use of flat cables for signal transmission from
the pads to the electronics. This ensures low cost and ease of manufacturing. All joints are sealed with silicon glue,
making the volume as isolated as possible from the environment. The module is impervious to humidity and requires
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Proposed Project

We need mass composition on an event by event basis with high statistics

Upgrade of the Pierre Auger Observatory

– Segmentation of surface detector stations

– First prototypes are being built (2013/2014)

Proposal

– Development of calibration and analysis tools

– Determination of the mass composition using the engineering array

Integration in the Helmholtz Association and KIT

– World leading experts on cosmic rays at KIT (IKP, IEKP, IPE)

– The proposed project is an essential part of the Helmholtz Program for
Astroparticle Physics and KSETA

– High impact and visibility of HNG expected
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Scintillators on top
of existing stations



Auger upgrade: scintillators above each detector
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fp,Fe =
|hSFei�hSpi|p

s2Fe +s2p

micro-ASCII installed and running
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Auger upgrade:  layered surface detector
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Figure 7: 30EeV

8

3x1019 eV

 Fisher value
-2 -1.5 -1 -0.5 0 0.5 1 1.5 20

10

20

30

40

50
proton

iron
S = 1.89

(a) 0 degrees

 Fisher value
-2 -1.5 -1 -0.5 0 0.5 1 1.5 20

10

20

30

40

50

60
proton

iron
S = 1.75

(b) 25 degrees

 Fisher value
-2 -1.5 -1 -0.5 0 0.5 1 1.5 20

10

20

30

40

50

60
proton

iron
S = 2.06

(c) 35 degrees

 Fisher value
-2 -1.5 -1 -0.5 0 0.5 1 1.5 20

10

20

30

40

50
proton

iron
S = 2.01

(d) 45 degrees

Figure 8: 70EeV

9

7x1019 eV

 [a.u.]µa
0 100 200 300 400

 [n
s]

14
00

T

0

100

200

300

400

500

600
Proton

Iron

 = 0θ

E = 70 EeV

(a) 0 degrees

 [a.u.]µa
0 100 200 300 400

 [n
s]

14
00

T

0

100

200

300

400

500

600
Proton

Iron

 = 25θ

E = 70 EeV

(b) 25 degrees

 [a.u.]µa
0 100 200 300 400

 [n
s]

14
00

T

0

100

200

300

400

500
Proton

Iron

 = 35θ

E = 70 EeV

(c) 35 degrees

 [a.u.]µa
0 100 200 300 400

 [n
s]

14
00

T

0

100

200

300

400
Proton

Iron

 = 45θ

E = 70 EeV

(d) 45 degrees

Figure 2: 70EeV

3

Muon number

C
ur

va
tu

re



Observation from space: JEM-EUSO
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Andrea Santangelo, 
Kepler Center-Tü 

The Extreme Universe 
Space Observatory 
on-board the Japan 
Experiment Module 

(JEM) of the ISS 

Heritage of the ESA EUSO study 

2001- 2004 

Andrea Santangelo, 
Kepler Center-Tü 

Observational Technique: fluorescence from space 

A. Bunner, 1967; 

Nagano, 2009; 

Kakimoto et al., 1996 

! 

330 " 400 nm,  UV

J. Linsley Y. Takahashi 

• Detection of fluorescence light and
reflected Cherenkov light

• Energy threshold 1019.7 eV

• Full sky coverage

 Planned for 2017 


