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• The End of the UHECR Energy Spectrum:  
    GZK-effect or Exhaustion of Sources? 

• Chemical Composition: getting heavier?! 

• Arrival Directions: surprisingly isotropic 

• EeV neutrinos and photons: smoking gun 

• Further Searches: neutrons, monopoles, … 

• Future: Upgrades of Auger and TA

Outline
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Particle-density and
-composition at ground 

light trace
at night-sky
(calorimetric)

Also: 
Detection of Radio- & Microwave-Signals

Fluorescence light 

Concept pioneered by the 
Pierre Auger Collaboration 
(Fully operational since 06/2008 
 

(Now also used by 
              Telescope Array (TA))
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Pierre Auger Observatory
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3000 km2 area, Argentina 
27 fluorescence telescopes plus

...1660 Water Cherenkov tanks

Auger Hybrid Observatory
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...1660 stations in total

Three 9“ PMT

12000 ltr water

solar panel

communication
GPS

electronics 
local trigger 

40 MHz digit. 10 W

battery

Water Cherenkov Station

XP 1805

ISM band (0.9 GHz)
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24 telescopes (6 per site) 
12 m2 mirrors, Schmidt optics 
30°x30° deg field of view 
440 PMTs/camera 
10 MHz FADC readout

∅
 2.

2 m

opt. Filter 
(MUG-6)

Camera with 440 PMTs

UV optical filter
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Surface Detector (SD)
507 plastic scintillator SDs 

1.2 km spacing
~700 km2

Fluorescence Detector(FD)
3 stations

38 telescopes 

TA detector in Utah

4

3 com. towers

14 telescopes

12 telescopes

12 telescopes

Refurbished HiRes

39.3°N, 112.9°W
~1400 m a.s.l.

Middle Drum
(MD)

Black Rock Mesa (BR)

Long
Ridge
(LR)

CLF

ELS

2014/3/20 H. Sagawa @ VHEPA2014 FD and SD: fully operational
since 2008/May
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700  km2,  Utah  (USA) 
3  m2  Scintillator  Detectors  
on  a  1.2  km  square  grid

Telescope Array

14  (12)  telescopes  @  
station  
256  PMTs/camera
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Auger and TA

14

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 
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TA exposure (3690 km^2 sr yr) taken from 
http://iopscience.iop.org/2041-8205/768/1/L1/ 
equivalent to 4 years 

TA

Auger

Auger: 01/2004 - 12/2012 
TA:      05/2008 - 05/2012

Auger and TA can 
see the same sky

Auger exposure 
~10 times that of  TA
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Event Example in Auger Observatory
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Cross Correlation

Infill

Standard

inclined

calorimetric meas.

µ+e measurement

Energy calibration based on experimental data 
(including invisible energy correction)
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Energy Spectrum
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All Particle Energy Spectrum

Good agreement between experiments
- some differences at the highest energies -

Kampert & Tiniakov, CR Physique, 15 (2014) 318 
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All Particle Energy Spectrum

Good agreement between experiments
- some differences at the highest energies -
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p-fit 
GZK-fit to TA data
m=4.4, α=2.39

Kampert & Tiniakov, CR Physique, 15 (2014) 318 
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All Particle Energy Spectrum

Good agreement between experiments
- some differences at the highest energies -

Iron

Proton
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GZK-fits to Auger data

Kampert & Tiniakov, CR Physique, 15 (2014) 318 
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All Particle Energy Spectrum

Energy spectrum itself is 
ambiguous concerning interpretations
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Fe 
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Exhaustion of sources 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Fit by Blasi et al. 
JCAP 2014 
arXiv:1312.7459v1

Kampert & Tiniakov, CR Physique, 15 (2014) 318 
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Protons Emax,p = 1018.9 eV

Model inspired by Allard, Astropart. Phys. 39-40, 2012

Limiting Energy of Sources (Emax~Z) + GZK

Simulations done with CRPropa 2.0

m=0; α=1.55
In this case GZK-effect is
not responsible for cut-off!

Iron Emax, Fe = 26 Emax,p  = 1020.3 eV
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Mass Composition
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 OBSERVATORY 

 

Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations

<Xmax>
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Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
EPOS 1.99 Simulations

<Xmax>

RMS(Xmax)



Energy (eV) Energy (eV)
1018 1019 1020

<X
m

ax
> 

(g
/c

m
2 )

650

700

750

800

850 data ± σstat
± σsys

EPOS-LHC
Sibyll2.1
QGSJetII-04

iron

proton

1018 1019 1020

σ(
X

m
ax
)[

g/
cm

2 ]

0

10

20

30

40

50

60

70

80

iron

proton

Karl-Heinz Kampert - Univ. Wuppertal

Xmax and RMS(Xmax) as a fct of E

25 Solvay-Francqui Workshop, Brussels, May 2015

 OBSERVATORY 

 

 OBSERVATORY 

 

Auger data show a smooth change 
to a heavier composition above 5 EeV

using post-LHC models

Auger 
Phys. Rev. D 90, 122005 (2014)

Auger; Phys. Rev. D 90, 122005 (2014)
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Auger collaboration, Phys. Rev. D 90, 122006 (2014)
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Here shown for EPOS-LHC
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a b s t r a c t

In this paper we review the extragalactic propagation of ultrahigh energy cosmic-ray (UHECR). We pres-

ent the different energy loss processes of protons and nuclei, and their expected influence on energy evo-

lution of the UHECR spectrum and composition. We discuss the possible implications of the recent

composition analyses provided by the Pierre Auger Observatory. The production of secondary cosmogenic

neutrinos and photons and the constraints their observation would imply for the UHECRs origin are also

addressed. Finally, we conclude by briefly discussing the relevance of a multi messenger approach for

solving the mystery of UHECRs. ! 2011 Elsevier B.V. All rights reserved.

1. Introduction

After more than 50 yr of experimental efforts, the origin of ultra-

high energy cosmic-rays (UHECRs, e.g., cosmic-rays above

!1018 eV) remains a mystery. The understanding of the production

of these particles, the most energetic particles in the universe, is

one of the most intense research field of high energy astrophysics.

Since the pioneering experiment at Volcano Ranch and the observa-

tion of the first cosmic-ray event above 1020 eV (see [1] for a com-

plete review of the early experiments), large statistics have been

accumulated above 1018 eV. High resolution measurements of the

UHECR spectrum, composition and arrival direction have been al-

lowed by recent experiments like AGASA [2], HiRes [3], the Pierre

Auger Observatory [4] and Telescope Array [5]. Among the most

interesting recent results, one can cite (see [6]) the evidence for a

suppression of the UHECR flux above 3–5 " 1019 eV observed by

HiRes [7] and Auger [8] with a large significance. Furthermore,

the recent analyses at the Pierre Auger Observatory seem to indi-

cate an evolution of the composition toward heavier elements

above the ankle [9] as well as hints for an anisotropic distribution

of the arrival directions of the highest energy events [10] and in par-

ticular a possible diffuse excess in the direction of the Centaurus

constellation[11]. Since the statistics above !3 " 1019 eV are quite

low, and the consistency between the results of different experi-

ments is still a matter of debate, these trends remain to be con-

firmed and understood with future data.

The extragalactic origin of UHECRs (at least above the ankle of

the cosmic-ray spectrum) is widely accepted. As a consequence

the measured cosmic-ray spectrum on Earth has to be shaped by

the effect of the propagation of the particles in the extragalactic

medium. During their journey from the source to the Earth the in-

jected cosmic-ray spectrum and composition can be modified by

interactions with photon backgrounds and cosmic magnetic fields.

A detailed modeling of the extragalactic propagation of UHECRs is

then a necessary ingredient for the astrophysical interpretation of

the data. One of the most important features due to UHECRs extra-

galactic propagation is the prediction of a cut-off in the observed

spectrum above a few 1019 eV due to interactions of UHE protons

or nuclei with photons of the Cosmic Microwave Background

(CMB). This prediction [12,13] of the so-called GZK cut-off (named

after the authors of the original studies Greisen, Zatsepin and Kuz-

min) was made in 1966, closely following the discovery of the

CMB. This prediction started a long series of studies on the extra-

galactic propagation of UHECRs including the production of sec-

ondary neutrinos and photons.

In this paper, we review the main aspects of the extragalactic

propagation of UHECR protons and nuclei. It will be organized as

follows. In the next section, we will review the main interaction

channels of protons and nuclei and discuss their influence on the

energy and mass losses. In Section 3., we show some propagated

spectra, allowing us to discuss expectations concerning the evolu-

tion of the composition from the source to the Earth and the pro-

duction of secondary protons. We discuss, in particular, the

possible implications of the composition trend suggested by the

recent analyses of the Pierre Auger Observatory. In Section 4 we

discuss discuss the production of secondary messengers (neutrinos

and photons) and the possible constraints their observation could

bring for the understanding of the UHECR origin. in Section 5.,

we finally conclude by briefly discussing the prospects for improv-

ing our understanding of the UHECR phenomenon and the ex-

pected contributions of current and planed experiments in

cosmic-rays, gamma-rays and neutrinos.

0927-6505/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.
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possible 14 departures from the rectilinear case is available in an extended version

of the present review available from: <arXiv:1111.3290>.)

E-mail address: denis@oddjob.uchicago.edu

Astroparticle Physics 39–40 (2012) 33–43

Contents lists available at SciVerse ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier .com/ locate/ast ropart

UHECR composition models

Andrew M. Taylor⇑

Dublin Institute for Advanced Studies, 31 Fitzwilliam Place, Dublin 2, Ireland

a r t i c l e i n f o

Article history:

Received 11 July 2013

Received in revised form 4 November 2013

Accepted 8 November 2013

Available online 16 November 2013

Keywords:

UHECR

Composition

a b s t r a c t

In light of the increasingly heavy UHECR composition at the highest energies, as observed by the Pierre

Auger Observatory, the implications of these results on the actual source composition and spectra are

investigated. Depending on the maximum energy of the particles accelerated, sources producing hard

spectra and/or containing a considerably enhanced heavy component appear a necessary requirement.

Consideration is made of two archetypal models compatible with these results. The secondary signatures

expected, following the propagation of the nuclear species from source to Earth, are determined for these

two example cases. Finally, the effect introduced by the presence of nG extragalactic magnetic fields in

collaboration with a large (80 Mpc) distance to the nearest source is discussed.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade the field of UHECR research has under-

gone considerable developments with the completion of extremely

large detector facilities. The data from these instruments has lead

to a notable improvement in both the quantity and quality of

UHECR measurements. Following the digestion of this new infor-

mation, a revision of the UHECR model working hypothesis may

be due. In particular, measurements sensitive to the UHECR com-

position have improved dramatically with a coherent picture start-

ing to emerge from the ensemble of different composition sensitive

measurements the Pierre Auger Observatory (PAO) has made [1]. It

should be noted that this picture is obscured somewhat when

additional observational data from the TA experiment are included.

The statistical significance of this disagreement, however, remains

unclear. In this study, such additional observational data sets are

neglected.

2. Monte Carlo modeling

In order to test different hypothesis models, a Monte Carlo

description of UHECR propagation is used, as first described in

[2]. In this description, UHECR protons and nuclei are propagated

through the cosmic microwave background (CMB) and cosmic

infrared background (CIB) radiation fields, undergoing photo-disin-

tegration, photo-pion, pair production, and redshift losses as they

do so. Though the cross-sections and target photon spectral distri-

butions relevant for the proton related energy loss processes are

well understood, some uncertainty still remains in both the

photo-disintegration cross-sections and the CIB spectral distribu-

tion relevant for nuclei propagation. In the present study, the

description of these adopted are [3,4] for the cross-sections and

CIB spectral distribution respectively. In Sections 3–5, extragalactic

magnetic field (EGMF) effects are neglected. The effects introduced

by such fields on the main results are discussed in Section 6. In or-

der to take account of EGMF effects, the ‘‘delta-approximation’’

prescription provided in [5] is implemented.

To perform a comparison with the PAO measurements, the

predicted values of the composition sensitive shower profile

parameters, Xmax and RMSðXmaxÞ, were determined for each model.

In order to encapsulate the uncertainty in the hadronic model

description for these values, the spread in predicted values from

four different models [6–9] was determined.

The Monte Carlo description was applied to an ensemble of dis-

tributed sources whose redshift evolution scaled as ð1þ zÞm , with

m ¼ 3 from zmin (with corresponding nearest source distance

Lmin) up to zmax ¼ 1:5. An energy spectrum output by each source,

of the form dN=dE / E%ae%ðE=Emax;ZÞ , with Emax;Z ¼ ðZ=26ÞEmax;Fe, was

adopted.1 Source spectral indices in the range 1 < a < 3, and 3-com-

ponent compositions were scanned over for both the cutoff energy

cases of Emax;Fe ¼ 1020 eV and Emax;Fe ¼ 1020:5 eV. Only spectral and

composition data points with energies above 1018:6 eV were used

in the analysis. The systematic errors for the energy resolution,

Xmax, and RMSðXmaxÞ, were also included in the v2 determination.

The regions of parameter space for which good fits to both the

spectral and composition data were found are shown in Fig. 1.

From each of the two cutoff energy results, two example models

0927-6505/$ - see front matter ! 2013 Elsevier B.V. All rights reserved.
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one event
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an energ
y flux of

30 eV cm
!2 s!
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a b s t r a c t

The Pierre Auger Observatory’s (PAO) shower profile measurements can be used to constrain the chem-

ical composition of the ultra-high energy cosmic ray (UHECR) spectrum. In particular, the PAO’s measure-

ments of the average depth of shower maximum and the fluctuations of the depth of shower maximum

indicate that the cosmic ray spectrum is dominated by a fairly narrow distribution (in charge) of heavy or

intermediate mass nuclei at the highest measured energies ðE J 1019 eVÞ, and contains mostly lighter

nuclei or protons at lower energies ðE # 1018 eVÞ. In this article, we study the propagation of UHECR

nuclei with the goal of using these measurements, along with those of the shape of the spectrum, to con-

strain the chemical composition of the particles accelerated by the sources of the UHECRs. We find that

with modest intergalactic magnetic fields, 0.3 nG in strength with 1 Mpc coherent lengths, good fits to the

combined PAO data can be found for the case in which the sources accelerate primarily intermediate

mass nuclei (such as nitrogen or silicon). Without intergalactic magnetic fields, we do not find any com-

position scenarios that can accommodate the PAO data. For a spectrum dominated by heavy or interme-

diate mass nuclei, the Galactic (and intergalactic) magnetic fields are expected to erase any significant

angular correlation between the sources and arrival directions of UHECRs.
! 2010 Published by Elsevier B.V.

1. Introduction

The chemical composition of the ultra-high energy cosmic ray

(UHECR) spectrum has long been a topic of great interest [1–6].

Until recently, however, very little was known about the nature

of these particles. On one side of the debate, the so called Hillas cri-

terion [7] gives a preference for the electromagnetic fields of cos-

mic ray sources to accelerate heavy nuclei to higher energies

than protons or light nuclei. On the other side, it has been argued

that the angular correlations reported by the Pierre Auger Observa-

tory (PAO) [8], as well as features in the shape of the UHECR spec-

trum [9], suggest that these particles consist largely of protons.

None of these arguments, however, has yet settled the question

of what types of particles make up the UHECR spectrum.

Data from the Pierre Auger Observatory (PAO), however, is

offering increasingly powerful insights into this question. Firstly,

the spectral shape predicted for the UHECR all-particle spectrum

depends not only on the injected spectrum and spatial distribution

of the sources, but also on the chemical composition that is in-

jected from the sources of the highest energy cosmic rays. As the

PAO measures the UHECR spectrum with increasing precision

[10], this information can be used to constrain the chemical com-

position of these particles [11]. Furthermore, the PAO is capable

of performing several measurements that can be used to directly

or indirectly determine the chemical composition of UHECRs as

they enter the Earth’s atmosphere. Among these empirical tools

are the measurements of the average depth of shower maximum,

hXmaxi, and the RMS variation of this quantity, RMSðXmaxÞ. On aver-

age, proton-induced showers reach their maximum development,

hXmaxi, deeper in the Earth’s atmosphere than do showers of the

same energy generated by heavier nuclei. Accompanying this re-

sult, the shower to shower fluctuation of Xmax about the mean,

RMSðXmaxÞ, is larger for proton-induced showers than for iron-in-

duced showers of the same energy. As a result, measurements of

both hXmaxi and RMSðXmaxÞ can be used to infer the average chem-

ical composition of the UHECRs as a function energy.

Very recently, the PAO collaboration has announced their first

measurements of RMSðXmaxÞ [12,13]. These measurements, along

with those of hXmaxi, imply that the UHECR spectrum contains a

large fraction of heavy or intermediate mass nuclei, especially at

the highest energies measured. Furthermore, the small values of

RMSðXmaxÞ measured by the PAO also imply that the composition

of the UHECR spectrum is relatively narrowly distributed at the

highest measured energies, containing little or no protons or light

0927-6505/$ - see front matter ! 2010 Published by Elsevier B.V.
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Abstract. We use a kinetic-equation approach to propagation of ultra high energy cosmic
ray protons and nuclei to infer possible implications of the data on spectrum and chemical
composition collected by the Pierre Auger Observatory. Using a homogeneous source dis-
tribution, we show that a simultaneous fit to the spectrum, elongation rate Xmax(E) and
dispersion σ(Xmax) implies the injection of nuclei with very hard spectra. This leads however
to underestimate the flux at energies E ≤ 5× 1018 eV, thereby implying that an additional
cosmic ray component is required, which needs to be of extragalactic origin. We discuss the
nature of this additional component in terms of the recent findings of KASCADE-Grande
on fluxes and chemical composition, which allows to describe the transition from Galactic to
extragalactic cosmic rays.
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a b s t r a c t

In this paper we review the extragalactic propagation of ultrahigh energy cosmic-ray (UHECR). We pres-

ent the different energy loss processes of protons and nuclei, and their expected influence on energy evo-

lution of the UHECR spectrum and composition. We discuss the possible implications of the recent

composition analyses provided by the Pierre Auger Observatory. The production of secondary cosmogenic

neutrinos and photons and the constraints their observation would imply for the UHECRs origin are also

addressed. Finally, we conclude by briefly discussing the relevance of a multi messenger approach for

solving the mystery of UHECRs. ! 2011 Elsevier B.V. All rights reserved.

1. Introduction

After more than 50 yr of experimental efforts, the origin of ultra-

high energy cosmic-rays (UHECRs, e.g., cosmic-rays above

!1018 eV) remains a mystery. The understanding of the production

of these particles, the most energetic particles in the universe, is

one of the most intense research field of high energy astrophysics.

Since the pioneering experiment at Volcano Ranch and the observa-

tion of the first cosmic-ray event above 1020 eV (see [1] for a com-

plete review of the early experiments), large statistics have been

accumulated above 1018 eV. High resolution measurements of the

UHECR spectrum, composition and arrival direction have been al-

lowed by recent experiments like AGASA [2], HiRes [3], the Pierre

Auger Observatory [4] and Telescope Array [5]. Among the most

interesting recent results, one can cite (see [6]) the evidence for a

suppression of the UHECR flux above 3–5 " 1019 eV observed by

HiRes [7] and Auger [8] with a large significance. Furthermore,

the recent analyses at the Pierre Auger Observatory seem to indi-

cate an evolution of the composition toward heavier elements

above the ankle [9] as well as hints for an anisotropic distribution

of the arrival directions of the highest energy events [10] and in par-

ticular a possible diffuse excess in the direction of the Centaurus

constellation[11]. Since the statistics above !3 " 1019 eV are quite

low, and the consistency between the results of different experi-

ments is still a matter of debate, these trends remain to be con-

firmed and understood with future data.

The extragalactic origin of UHECRs (at least above the ankle of

the cosmic-ray spectrum) is widely accepted. As a consequence

the measured cosmic-ray spectrum on Earth has to be shaped by

the effect of the propagation of the particles in the extragalactic

medium. During their journey from the source to the Earth the in-

jected cosmic-ray spectrum and composition can be modified by

interactions with photon backgrounds and cosmic magnetic fields.

A detailed modeling of the extragalactic propagation of UHECRs is

then a necessary ingredient for the astrophysical interpretation of

the data. One of the most important features due to UHECRs extra-

galactic propagation is the prediction of a cut-off in the observed

spectrum above a few 1019 eV due to interactions of UHE protons

or nuclei with photons of the Cosmic Microwave Background

(CMB). This prediction [12,13] of the so-called GZK cut-off (named

after the authors of the original studies Greisen, Zatsepin and Kuz-

min) was made in 1966, closely following the discovery of the

CMB. This prediction started a long series of studies on the extra-

galactic propagation of UHECRs including the production of sec-

ondary neutrinos and photons.

In this paper, we review the main aspects of the extragalactic

propagation of UHECR protons and nuclei. It will be organized as

follows. In the next section, we will review the main interaction

channels of protons and nuclei and discuss their influence on the

energy and mass losses. In Section 3., we show some propagated

spectra, allowing us to discuss expectations concerning the evolu-

tion of the composition from the source to the Earth and the pro-

duction of secondary protons. We discuss, in particular, the

possible implications of the composition trend suggested by the

recent analyses of the Pierre Auger Observatory. In Section 4 we

discuss discuss the production of secondary messengers (neutrinos

and photons) and the possible constraints their observation could

bring for the understanding of the UHECR origin. in Section 5.,

we finally conclude by briefly discussing the prospects for improv-

ing our understanding of the UHECR phenomenon and the ex-

pected contributions of current and planed experiments in

cosmic-rays, gamma-rays and neutrinos.

0927-6505/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.
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of the present review available from: <arXiv:1111.3290>.)
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a b s t r a c t

In light of the increasingly heavy UHECR composition at the highest energies, as observed by the Pierre

Auger Observatory, the implications of these results on the actual source composition and spectra are

investigated. Depending on the maximum energy of the particles accelerated, sources producing hard

spectra and/or containing a considerably enhanced heavy component appear a necessary requirement.

Consideration is made of two archetypal models compatible with these results. The secondary signatures

expected, following the propagation of the nuclear species from source to Earth, are determined for these

two example cases. Finally, the effect introduced by the presence of nG extragalactic magnetic fields in

collaboration with a large (80 Mpc) distance to the nearest source is discussed.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

During the last decade the field of UHECR research has under-

gone considerable developments with the completion of extremely

large detector facilities. The data from these instruments has lead

to a notable improvement in both the quantity and quality of

UHECR measurements. Following the digestion of this new infor-

mation, a revision of the UHECR model working hypothesis may

be due. In particular, measurements sensitive to the UHECR com-

position have improved dramatically with a coherent picture start-

ing to emerge from the ensemble of different composition sensitive

measurements the Pierre Auger Observatory (PAO) has made [1]. It

should be noted that this picture is obscured somewhat when

additional observational data from the TA experiment are included.

The statistical significance of this disagreement, however, remains

unclear. In this study, such additional observational data sets are

neglected.

2. Monte Carlo modeling

In order to test different hypothesis models, a Monte Carlo

description of UHECR propagation is used, as first described in

[2]. In this description, UHECR protons and nuclei are propagated

through the cosmic microwave background (CMB) and cosmic

infrared background (CIB) radiation fields, undergoing photo-disin-

tegration, photo-pion, pair production, and redshift losses as they

do so. Though the cross-sections and target photon spectral distri-

butions relevant for the proton related energy loss processes are

well understood, some uncertainty still remains in both the

photo-disintegration cross-sections and the CIB spectral distribu-

tion relevant for nuclei propagation. In the present study, the

description of these adopted are [3,4] for the cross-sections and

CIB spectral distribution respectively. In Sections 3–5, extragalactic

magnetic field (EGMF) effects are neglected. The effects introduced

by such fields on the main results are discussed in Section 6. In or-

der to take account of EGMF effects, the ‘‘delta-approximation’’

prescription provided in [5] is implemented.

To perform a comparison with the PAO measurements, the

predicted values of the composition sensitive shower profile

parameters, Xmax and RMSðXmaxÞ, were determined for each model.

In order to encapsulate the uncertainty in the hadronic model

description for these values, the spread in predicted values from

four different models [6–9] was determined.

The Monte Carlo description was applied to an ensemble of dis-

tributed sources whose redshift evolution scaled as ð1þ zÞm , with

m ¼ 3 from zmin (with corresponding nearest source distance

Lmin) up to zmax ¼ 1:5. An energy spectrum output by each source,

of the form dN=dE / E%ae%ðE=Emax;ZÞ , with Emax;Z ¼ ðZ=26ÞEmax;Fe, was

adopted.1 Source spectral indices in the range 1 < a < 3, and 3-com-

ponent compositions were scanned over for both the cutoff energy

cases of Emax;Fe ¼ 1020 eV and Emax;Fe ¼ 1020:5 eV. Only spectral and

composition data points with energies above 1018:6 eV were used

in the analysis. The systematic errors for the energy resolution,

Xmax, and RMSðXmaxÞ, were also included in the v2 determination.

The regions of parameter space for which good fits to both the

spectral and composition data were found are shown in Fig. 1.

From each of the two cutoff energy results, two example models

0927-6505/$ - see front matter ! 2013 Elsevier B.V. All rights reserved.
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The Pierre Auger Observatory’s (PAO) shower profile measurements can be used to constrain the chem-

ical composition of the ultra-high energy cosmic ray (UHECR) spectrum. In particular, the PAO’s measure-

ments of the average depth of shower maximum and the fluctuations of the depth of shower maximum

indicate that the cosmic ray spectrum is dominated by a fairly narrow distribution (in charge) of heavy or

intermediate mass nuclei at the highest measured energies ðE J 1019 eVÞ, and contains mostly lighter

nuclei or protons at lower energies ðE # 1018 eVÞ. In this article, we study the propagation of UHECR

nuclei with the goal of using these measurements, along with those of the shape of the spectrum, to con-

strain the chemical composition of the particles accelerated by the sources of the UHECRs. We find that

with modest intergalactic magnetic fields, 0.3 nG in strength with 1 Mpc coherent lengths, good fits to the

combined PAO data can be found for the case in which the sources accelerate primarily intermediate

mass nuclei (such as nitrogen or silicon). Without intergalactic magnetic fields, we do not find any com-

position scenarios that can accommodate the PAO data. For a spectrum dominated by heavy or interme-

diate mass nuclei, the Galactic (and intergalactic) magnetic fields are expected to erase any significant

angular correlation between the sources and arrival directions of UHECRs.
! 2010 Published by Elsevier B.V.

1. Introduction

The chemical composition of the ultra-high energy cosmic ray

(UHECR) spectrum has long been a topic of great interest [1–6].

Until recently, however, very little was known about the nature

of these particles. On one side of the debate, the so called Hillas cri-

terion [7] gives a preference for the electromagnetic fields of cos-

mic ray sources to accelerate heavy nuclei to higher energies

than protons or light nuclei. On the other side, it has been argued

that the angular correlations reported by the Pierre Auger Observa-

tory (PAO) [8], as well as features in the shape of the UHECR spec-

trum [9], suggest that these particles consist largely of protons.

None of these arguments, however, has yet settled the question

of what types of particles make up the UHECR spectrum.

Data from the Pierre Auger Observatory (PAO), however, is

offering increasingly powerful insights into this question. Firstly,

the spectral shape predicted for the UHECR all-particle spectrum

depends not only on the injected spectrum and spatial distribution

of the sources, but also on the chemical composition that is in-

jected from the sources of the highest energy cosmic rays. As the

PAO measures the UHECR spectrum with increasing precision

[10], this information can be used to constrain the chemical com-

position of these particles [11]. Furthermore, the PAO is capable

of performing several measurements that can be used to directly

or indirectly determine the chemical composition of UHECRs as

they enter the Earth’s atmosphere. Among these empirical tools

are the measurements of the average depth of shower maximum,

hXmaxi, and the RMS variation of this quantity, RMSðXmaxÞ. On aver-

age, proton-induced showers reach their maximum development,

hXmaxi, deeper in the Earth’s atmosphere than do showers of the

same energy generated by heavier nuclei. Accompanying this re-

sult, the shower to shower fluctuation of Xmax about the mean,

RMSðXmaxÞ, is larger for proton-induced showers than for iron-in-

duced showers of the same energy. As a result, measurements of

both hXmaxi and RMSðXmaxÞ can be used to infer the average chem-

ical composition of the UHECRs as a function energy.

Very recently, the PAO collaboration has announced their first

measurements of RMSðXmaxÞ [12,13]. These measurements, along

with those of hXmaxi, imply that the UHECR spectrum contains a

large fraction of heavy or intermediate mass nuclei, especially at

the highest energies measured. Furthermore, the small values of

RMSðXmaxÞ measured by the PAO also imply that the composition

of the UHECR spectrum is relatively narrowly distributed at the

highest measured energies, containing little or no protons or light
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doi:10.1016/j.astropartphys.2010.01.003

* Corresponding author. Address: Max-Planck-Institut für Kernphysik, Postfach

103980, D-69029 Heidelberg, Germany.

E-mail address: andrew.taylor@unige.ch (A.M. Taylor).

Astroparticle Physics 33 (2010) 151–159

Contents lists available at ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier .com/ locate/ast ropart

ar
X

iv
:1

31
2.

74
59

v1
  [

as
tro

-p
h.

H
E]

  2
8 

D
ec

 2
01

3

Prepared for submission to JCAP

Ultra high energy cosmic rays:
implications of Auger data for source
spectra and chemical composition

R. Aloisio1,2, V. Berezinsky2,3 and P. Blasi1,2

1INAF/Osservatorio Astrofisico di Arcetri, Largo E. Fermi, 5 - 50125 Firenze, Italy
2Gran Sasso Science Institute (INFN), viale F. Crispi 7, 67100 L’Aquila, Italy
3INFN/Laboratori Nazionali Gran Sasso, ss 17bis km 18+910, 67100 Assergi, Italy

E-mail: aloisio@arcetri.astro.it,berezinsky@lngs.infn.it, blasi@arcetri.astro.it

Abstract. We use a kinetic-equation approach to propagation of ultra high energy cosmic
ray protons and nuclei to infer possible implications of the data on spectrum and chemical
composition collected by the Pierre Auger Observatory. Using a homogeneous source dis-
tribution, we show that a simultaneous fit to the spectrum, elongation rate Xmax(E) and
dispersion σ(Xmax) implies the injection of nuclei with very hard spectra. This leads however
to underestimate the flux at energies E ≤ 5× 1018 eV, thereby implying that an additional
cosmic ray component is required, which needs to be of extragalactic origin. We discuss the
nature of this additional component in terms of the recent findings of KASCADE-Grande
on fluxes and chemical composition, which allows to describe the transition from Galactic to
extragalactic cosmic rays.
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Emaxp=1018.8 eV 
index α=1.1 
cosm. evolution: m=0

maximum energy scenario requires 
very hard (non-Fermi like)  

injection spectra



Karl-Heinz Kampert - Univ. Wuppertal Solvay-Francqui Workshop, Brussels, May 2015

Comparison to Astrophys. Scenarios
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Comparison to Astrophys. Scenarios
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Negative Cosmological Evolution? 

36

A strong negative cosmological evolution has been found in low-luminosity, high-
synchrotron–peaked (HSP) BL Lac objects based on Fermi data 
M. Ajello et al., ApJ, 780:73 2014

The Astrophysical Journal, 780:73 (24pp), 2014 January 1 Ajello et al.
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Figure 10. Number density (per unit comoving volume) of BL Lac objects, FSRQs, and HSPs.
(A color version of this figure is available in the online journal.)
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Figure 11. Evolution of different luminosity classes of HSPs (top) and ISPs+LSPs (bottom). Note the different evolutionary behavior (negative for HSPs vs. positive
for ISPs+LSPs evolution) of low-luminosity sources.
(A color version of this figure is available in the online journal.)

shows that the dramatic rise in the number density of BL Lac
objects at z !1 is driven almost entirely by the HSP population.
The fact that low-luminosity HSP objects are the only ones
experiencing negative evolution can also be seen directly in
Figure 11.

5.2. The Evolution of LSP Objects

LSP objects are the class of BL Lac objects that most closely
resemble the FSRQ class. Their synchrotron component peaks
at frequencies <1014 Hz (Ackermann et al. 2011), they can show

14

L<1046 erg/s

 We may see mostly nearby low-power sources ! 
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Anisotropies
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UHECR Sky surprisingly isotropic

38 Solvay-Francqui Workshop, Brussels, May 2015
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UHECR Sky surprisingly isotropic
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UHECR Sky surprisingly isotropic
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Weak excess of events around Cen A

40 Solvay-Francqui Workshop, Brussels, May 2015
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Point Source Searches
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Cross-correlation with Swift AGN
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Fig. 8.— Cross-correlation of events with the AGNs in the Swift catalog as a function

of D and Lmin (top-left panel) and detail of the scan in Ψ and Eth for the minimum

found (top-right panel). The bottom map (in Galactic coordinates) shows the events with

E ≥ 58 EeV together with the Swift AGNs brighter than 1044 erg/s and closer than

130 Mpc, indicated with red circles of 18◦ radius.

(ℓ, b) = (317.6◦, 30.9◦)), ESO 506-G027 (at (ℓ, b) = (299.6◦, 35.5◦)), AX J1737.4-2907

(at (ℓ, b) = (358.9◦, 1.4◦)), NGC 612 (at (ℓ, b) = (261.8◦,−77◦)) and NGC 1142 (at

(ℓ, b) = (175.9◦,−49.9◦))5.

Figure 9 is similar but for the sample of radio galaxies. The scan in luminosity leads to

two minima with very similar probabilities, both for D = 90 Mpc (see the top-left panel).

The first one has fmin = 5.1×10−5 and corresponds to L > 1039.33 erg/s, Ψ = 4.75◦ and

Eth = 72 EeV, the angle and energy being equal to the parameters already obtained in

the previous subsection (Figure 7). The main difference is that 32 AGNs remain within

5One of the objects in the sample of 10 AGNs is the BLLac Mrk 421, a powerful gamma-ray emitter

at (ℓ, b) = (179.9◦, 65◦), which has been proposed as a candidate source for the hot spot observed by the

Telescope Array (Fang et al. 2014). This object is in a low-exposure region near the border of the Auger

field of view, and there are no events with E > 58 EeV within 18◦ of it.

– 26 –

No significant excesses were found around the Galactic Center, the Galactic Plane, or

the Super-Galactic Plane. This suggests that, if the deflections are not too large, at these

energies the sources are unlikely to be Galactic and also that a non-negligible fraction of

the flux arises from extragalactic sources that are not very close to the Super-Galactic

Plane.

The high degree of isotropy observed in all these tests of the distribution of UHECRs

is indeed quite remarkable, certainly challenging original expectations that assumed only

few cosmic ray sources with a light composition at the highest energies. If the actual

source distribution were anisotropic, these results could be understood for instance as due

to the large deflections caused by the intervening magnetic fields if a large fraction of the

CRs in this energy range were heavy, as is indeed suggested by mass-composition studies

(Abraham et al. 2010a; Aab et al. 2014). Alternatively, it could also be explained in a

scenario in which the number of individual sources contributing to the CR fluxes is large.

Indeed, the lack of autocorrelation has been used in Abreu et al. (2013a) to set lower

bounds on the density of sources if the deflections involved are not large.

We have also studied the cross-correlation between events and nearby extragalactic

objects in different flux-limited catalogs with the aim of identifying possible scenarios of

UHECR sources. The parameters corresponding to the minima obtained when scanning

in energy, distance and angular scale are listed in Table 1 (first three rows). The penalized

probabilities that these minima are due to fluctuations of an isotropic background are of the

order of a few percent. In all three cases the object distance corresponding to the minima is

D ≃ 80 to 90 Mpc, although it happens for different angular scales and energy thresholds.

When a further scan is performed on the minimum intrinsic AGN luminosity, additional

minima appear (see rows 4 and 5 in Table 1). We note that the penalized probability is

∼1.3% for Swift AGNs within 130 Mpc and brighter than 1044 erg/s, corresponding to

an excess of pairs for events above 58 EeV on angular scales of 18◦, while for the radio

galaxies the penalized probability is ∼11%.

Objects Eth Ψ D Lmin fmin P
[EeV] [◦] [Mpc] [erg/s]

2MRS Galaxies 52 9 90 - 1.5×10−3 24%

Swift AGNs 58 1 80 - 6×10−5 6%

Radio galaxies 72 4.75 90 - 2×10−4 8%

Swift AGNs 58 18 130 1044 2×10−6 1.3%

Radio galaxies 58 12 90 1039.33 5.6×10−5 11%

Centaurus A 58 15 - - 2×10−4 1.4%

Table 1: Summary of the parameters of the minima found in the cross-correlation analyses.

Finally, considering circular windows around the direction of Cen A, the most sig-

Example: 
Correlation to bright SWIFT AGN 
best for: 
D < 130 Mpc
L > 1044 erg/s
Ψ < 18°

➠ 62 pairs correlate with the 10 AGN,
    for 32.8 expected
    p = 1.3%

Summary of searches

Auger Collaboration
ApJ 804:15 (2015)

No significant excesses were found 
around the Galactic Center, the 
Galactic Plane, or the Super-
Galactic Plane.
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Conclusions from CR Anisotropy Studies

42

1) Absence of significant correlations to Galactic Center and Galactic Plane 

     ➪ 10 EeV sources are unlikely of Galactic origin  

2) Only a small deviation from overall isotropic sky 

     ➪ either large deflections by B-fields, e.g. due to heavy primaries 
  (supported by Auger composition studies) 

    ➪ or number of sources is very large 
  (bounds by Auger from lack of autocorrelations: ρ ≳ 10-4 Mpc-3 ) 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Neutrinos
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A look to the PeV Neutrino Sky
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+: Shower like events
x: Track like events

IceCube Collaboration: 
Phys. Rev. Lett. 113 (2014) 101101

No significant clustering seen (p=84%)

Galactic coordinates

cross correlations to catalogs ➾ no signal yet
cross correlations to UHECR (Auger+TA) ➾ ongoing
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Constraints from Neutrino-Isotropy
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Figure 5. Figure 4 with additional constraints on steady point sources added. The figure shows
the additional sources: Flat Spectrum Radio Quasars, Bl Lacs, Fanaro↵-Riley II galaxies, Galaxy
Clusters, Fanaro↵-Riley I and Starburst galaxies (see caption of Fig. 4 for more explanation).

to match the observed di↵use flux, and the neutrino flux emitted by the total population is
normalized to the observed di↵use flux. The simulation allows to predict the number of neutrino
muliplets expected to be seen by IceCube (including e↵ective areas and Poisson fluctuations due
to low count rates). By requiring consistency with the observed number of neutrino multiplets,
i.e. no triplet of neutrinos within 100 seconds [28], one obtains a lower bound on the source
density. For a di↵use power-law flux matching the IceCube flux of Eq. 3, the bound on the
source density derived from the non-observation of neutrino triplets or higher multiplicities in
three years of IceCube data corresponds to ⇢ > 2 · 10�6Mpc�3yr�1 [28]. The bound is broadly
consistent with a recent sensitivity estimate [29] and depends only weakly on the evolution of
the GRB density as a function of redshift and on the luminosity function. However, it does
depend on the assumed spectral shape, which has been assumed to follow a power-law over
the full energy range that IceCube is sensitive to. Fig. 4 illustrates the current constraints on
transient sources. The bound from the non-observation of multiplets is shown as a vertical line.
As one can see, GRBs, being very rare, are excluded as the dominant sources of the observed
di↵use neutrino flux.

On the other hand, core collapse supernovae are still plausible candidates. They possess all
the right ingredients for being extraordinary neutrino factories: a) they have been shown to
produce ejecta with 1050 ergs kinetic energy, capable of e�ciently accelerating CRs and b) they
provide abundant amounts of target material for neutrino production, e.g. the stellar envelope
or the circumstellar medium (CSM). The shock acceleration can happen at non-relativistic shock
fronts [30, 31] or within (mildly) relativistic jets [32]. Other scenarios consider the spin down
of rapidly rotating newborn pulsars producing large electromagnetic fields, a model that can
explain also the highest energy CR [33]. The fact that the most promising SNe types (e.g. IIn,
Ib/c or hypernovae) are rare and transient by nature puts them within reach of IceCube.

Kowalski; 1411.4385

High level of Isotropy ➾ source density must be fairly high
Int. Flux F=ρ·L is known ➾ Mean Luminosity per source must be low

Assumption: 
steady point sources

allowed 
region

Remark:  
Neutrinos can come from far away 
➾ sky may remain isotropic 
UHECRs come from within GZK sphere 
➾ limited number of sources 
    sky needs to become anisotropic

Density & Luminosity 
compare well to UHECRs !
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Smoking Gun of GZK-effect

Cosmogenic+neutrinos+

4+

Detec?on+in+EeV+range+may+provide+complementary+informa?on+to+direct+UHECR+
detec?on+on:++UHECR+nature+(p,+mixed,+Fe),+origin+(evolu?on+of+the+sources,+
maximum+energy+a^ainable,…)+
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p, best fit with Fermi-LAT bound (Ahlers)

 eV (B. Sarkar)20=10maxp, FRII & SFR, E

 eV (B. Sarkar)20=26 x 10maxFe, FRII & SFR, E

 eV (Kotera)21.5 - 1020=Z x 10maxp & mixed, SFR & GRB, E

p+ �CMB ! � !

46 Solvay-Francqui Workshop, Brussels, May 2015

! p+ ⇡0! �EeV! n+ ⇡+! ⌫EeV

GZK-p

GZK-Fe

GZK-p

GZK-Fe

TopDown models

KHK, Unger, APP 35 (2012)

…Back to the GZK-Question: 
– smoking gun signals by EeV ν’s and γ’s –

Note, these calculations assume that the flux 
suppression is caused solely by the GZK-effect
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ντ$

Inclined+showers++
&+UHE+neutrinos+

•  Protons+&+nuclei+ini?ate+showers+
high+in+the+atmosphere.++
–  Shower+front+at+ground:++

•  mainly+composed+of+muons+
•  electromagne?c+component+
absorbed+in+atmosphere.+

•  Neutrinos+can+ini?ate+“deep”+
showers+close+to+ground.+
–  Shower+front+at+ground:+

electromagne?c+++muonic+
components+

6+
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

Search for EeV Neutrinos 
in inclined showers
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Sensi?vity+to+all+flavours+&+channels+
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Sensitivity to all ν flavors and channels

48 Solvay-Francqui Workshop, Brussels, May 2015
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(1) Selection of inclined showers
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Selec?on+of+inclined+showers:++
3+observables+

12+

(1)+Elongated+footprint+ (2)+Apparent+velocity+V+of+propaga?on+of++
shower+front+at+ground+along+major+axis+L+

Ver?cal+shower++
+
+
V+>>+c+

Horizontal+shower++
+
+
V+�+c+

(3)+Reconstructed+θ$
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(2) Identifying νs in surface detector data
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Iden?fying+νs+in+data+collected+at+SD+
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With+the+SD,+we+can+dis?nguish+muonic+from+electromagne?c+shower+fronts+
(using+the+?me+structure+of+the+signals+in+the+water+Cherenkov+sta?ons).+
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•  Induce+Time&over&Threshold+
(ToT)+triggers+in+the+SD+
sta?ons+

++++++++++++++++++++++and/or+

•  Have+large+Area&over&Peak+
value+(AoP+�+1+muonic+front)+

Trace+example:+ToT+trigger+&+large+AoP+

Defini?on+of+Area&over&Peak+(AoP)+

From+the+observa?onal+point+of+
view,+signals+extended+in+?me:+

Iden?fying+νs+in+data+collected+at+SD+

Searching+for+neutrinos+�+
Searching+for+inclined+showers+with+sta?ons++

with+ToT+triggers+and/or+large+AoP+
Karl-Heinz Kampert - Univ. Wuppertal

(2) Identifying νs in surface detector data

51 Solvay-Francqui Workshop, Brussels, May 2015
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Combined Fisher Discriminant
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5

Selection Earth-skimming (ES) Downward-going Downward-going

high angle (DGH) low angle (DGL)

Flavours & Interactions ⌫⌧ CC ⌫e, ⌫µ , ⌫⌧ CC & NC ⌫e, ⌫µ , ⌫⌧ CC & NC

Angular range ✓ > 90� ✓ 2 (75�, 90�) ✓ 2 (60�, 75�)

N� of Stations (Nst) Nst � 3 Nst � 4 Nst � 4

� ✓rec > 75� ✓rec 2 (58.5�, 76.5�)

Inclined L/W > 5 L/W > 3 �
Showers hV i 2 (0.29, 0.31) m ns�1 hV i < 0.313 m ns�1 �

RMS(V ) < 0.08 m ns�1 RMS(V )/hV i < 0.08 �
Data: 1 January 2004 - 31 May 2010 � 75% of stations close to

� 60% of stations with shower core with ToT trigger

Young ToT trigger & AoP > 1.4 Fisher discriminant based &

Showers Data: 1 June 2010 - 20 June 2013 on AoP of early stations Fisher discriminant based

hAoPi > 1.83 on AoP of early stations

AoPmin > 1.4 if Nst=3 close to shower core

Table I. Observables and numerical values of cuts applied to select inclined and young showers for Earth-skimming and
downward-going neutrinos. See text for explanation.

Fisher value
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Ev
en
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-110
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410

Fisher > 3.28

 candidate regionν

Training data
Search data

νMonte Carlo   

Figure 2. Distributions of the Fisher variable F in inclined
events selected by the “Inclined Showers” DGH criteria in Ta-
ble I, before applying the “Young Showers” cuts. In particu-
lar the distribution of events with number of triggered tanks
7  Nst  11 is shown. Gray-filled histogram: data in the
training period corresponding to ⇠ 23% of the whole data
sample between 1 January 2004 and 20 June 2013. Black
thin line: data in the search period. The distributions are
normalised to the same number of events for comparison pur-
poses. Blue line: simulated DGH ⌫ events. The dashed ver-
tical line represents the cut on F > 3.28 above which a data
event is regarded as a neutrino candidate. The red dashed
line represents an exponential fit to the tail of the training
distribution (see text for explanation).

III. DATA UNBLINDING AND EXPOSURE344

CALCULATION345

A. Data unblinding346

No events survived when the Earth-skimming and347

downward-going selection criteria explained above and348

summarized in Table I are applied blindly to the data349

collected between 1 January 2004 and 20 June 2013. For350

each selection the corresponding training periods, are ex-351

cluded from the search. After the unblinding we tested352

the compatibility of the distributions of discriminating353

observables in the search and training samples. Exam-354

ples are shown in Fig. 1 for the hAoPi variable in the355

Earth-skimming analysis, and in Fig. 2 for the Fisher356

variable in the DGH analysis. In particular fitting the357

tails of the corresponding distributions to an exponential,358

we obtained compatible parameters within 1 � statistical359

uncertainties.360

B. Exposure calculation361

1. Neutrino identification e�ciencies362

The same set of criteria indicated in Table I, were363

also applied to neutrino-induced showers simulated with364

Monte Carlo, and the fraction of simulated events identi-365

fied as neutrino candidates i.e. the identification e�cien-366

cies ✏ES, ✏DGH, ✏DGL for each channel were obtained,367

necessary ingredients for the calculation of the exposure368

to UHE neutrinos.369

A large set of Monte Carlo simulations of neutrino-370

induced showers was performed for this purpose, cov-371
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The limit applies in the energy interval ⇠ 1.0⇥1017 eV�
2.5⇥ 1019 eV where the cumulative number of events as
a function of neutrino energy increases from 5% to 95%
of the total number, i.e. where ⇠ 90% of the total event
rate is expected. It is important to remark that this
is the most stringent limit obtained so far with Auger
data, and it represents a single limit combining the three
channels where we have searched for UHE neutrinos. The
limit to the flux normalization in Eq. (3) is obtained in-
tegrating the denominator of Eq. (2) in the whole energy
range where Auger is sensitive to UHE neutrinos. This
is shown in Fig. 4 , along with the 90% C.L. limits from
other experiments as well as several models of neutrino
flux production (see caption for references). The denom-
inator of Eq. (2) can also be integrated in bins of energy,
and a limit on k can also be obtained in each energy bin
[35]. This is displayed in Fig. 5 where the energy bins
have a width of 0.5 in log10 E⌫ , and where we also show
the whole energy range where there is sensitivity to neu-
trinos. The limit as displayed in Fig. 5 allows us to show
at which energies the sensitivity of the SD of the Pierre
Auger Observatory peaks.

The search period corresponds to an equivalent of 6.4
years of a complete Auger SD array working continuously.
The inclusion of the data from 1 June 2010 until 20 June
2013 in the search represents an increase of a factor ⇠ 1.8
in total time quantified in terms of equivalent full Auger
years with respect to previous searches [17, 18]. Further
improvements in the limit come from the combination of
the three analysis into a single one, using the procedure
explained before that enhances the fraction of identified
neutrinos especially in the DGH channel.

In Table III we give the expected total event rates for
several models of neutrino flux production.

Several important conclusions and remarks can be
stated after inspecting Figs. 4 and 5 and Table III:

1. The maximum sensitivity of the SD of the
Auger Observatory is achieved at neutrino energies
around EeV, where most cosmogenic models of ⌫
production also peak (in a E2

⌫ ⇥ dN/dE⌫ plot).

2. The current Auger limit is a factor ⇠ 4 below the
Waxman-Bahcall landmark on neutrino production
in optically thin sources [13]. The SD of the Auger
Observatory is the first air shower array to reach
that level of sensitivity.

3. Some models of neutrino production in astrophys-
ical sources such as Active Galactic Nuclei (AGN)
are excluded at more than 90% C.L. For the model
#2 shown in Fig. 14 of [32] we expect ⇠7 neutrino
events while none was observed.

yields a value of Nup = 2.39 slightly smaller than the nominal
2.44 of the Feldman-Cousins approach.
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Figure 4. Top panel: Upper limit (at 90% C.L.) to the nor-
malization of the di↵use flux of UHE neutrinos as given in
Eqs. (2) and (3), from the Pierre Auger Observatory. We
also show the corresponding limits from ANITAII [29] and
IceCube [30] experiments, along with expected fluxes for sev-
eral cosmogenic neutrino models that assume pure protons
as primaries [31, 33] as well as the Waxman-Bahcall bound
[13]. All limits and fluxes converted to single flavor. We used
Nup = 2.39 in Eq. (2) to obtain the limit (see text for de-
tails). Bottom panel: Same as top panel, but showing several
cosmogenic neutrino models that assume heavier nuclei as pri-
maries, either pure iron [31] or mixed primary compositions
[9].

4. Cosmogenic ⌫ models that assume a pure primary
proton composition injected at the sources and
strong (FRII-type) evolution of the sources are
strongly disfavored by Auger data. An example
is the upper line of the shaded band in Fig. 17
in [31] (also depicted in Figs. 4 and 5), for which
⇠4 events are expected and as consequence that
flux is excluded at ⇠98% C.L. Models that assume
a pure primary proton composition and normalize
their expectations to the GeV �-ray flux observa-
tions by the Fermi-LAT satellite detector are also
disfavored. For instance for the model shown as a
solid line in the bottom right panel of Fig. 5 in [33]
(also depicted in Figs. 4 and 5 in this work), cor-
responding to the best-fit to the cosmic-ray spec-

Auger Collaboration, PRD 2015; editors suggestion

Neutrino upper limits start to constrain
cosmogenic neutrino fluxes of p-sources

(2015)
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The limit applies in the energy interval ⇠ 1.0⇥1017 eV�
2.5⇥ 1019 eV where the cumulative number of events as
a function of neutrino energy increases from 5% to 95%
of the total number, i.e. where ⇠ 90% of the total event
rate is expected. It is important to remark that this
is the most stringent limit obtained so far with Auger
data, and it represents a single limit combining the three
channels where we have searched for UHE neutrinos. The
limit to the flux normalization in Eq. (3) is obtained in-
tegrating the denominator of Eq. (2) in the whole energy
range where Auger is sensitive to UHE neutrinos. This
is shown in Fig. 4 , along with the 90% C.L. limits from
other experiments as well as several models of neutrino
flux production (see caption for references). The denom-
inator of Eq. (2) can also be integrated in bins of energy,
and a limit on k can also be obtained in each energy bin
[35]. This is displayed in Fig. 5 where the energy bins
have a width of 0.5 in log10 E⌫ , and where we also show
the whole energy range where there is sensitivity to neu-
trinos. The limit as displayed in Fig. 5 allows us to show
at which energies the sensitivity of the SD of the Pierre
Auger Observatory peaks.

The search period corresponds to an equivalent of 6.4
years of a complete Auger SD array working continuously.
The inclusion of the data from 1 June 2010 until 20 June
2013 in the search represents an increase of a factor ⇠ 1.8
in total time quantified in terms of equivalent full Auger
years with respect to previous searches [17, 18]. Further
improvements in the limit come from the combination of
the three analysis into a single one, using the procedure
explained before that enhances the fraction of identified
neutrinos especially in the DGH channel.

In Table III we give the expected total event rates for
several models of neutrino flux production.

Several important conclusions and remarks can be
stated after inspecting Figs. 4 and 5 and Table III:

1. The maximum sensitivity of the SD of the
Auger Observatory is achieved at neutrino energies
around EeV, where most cosmogenic models of ⌫
production also peak (in a E2

⌫ ⇥ dN/dE⌫ plot).

2. The current Auger limit is a factor ⇠ 4 below the
Waxman-Bahcall landmark on neutrino production
in optically thin sources [13]. The SD of the Auger
Observatory is the first air shower array to reach
that level of sensitivity.

3. Some models of neutrino production in astrophys-
ical sources such as Active Galactic Nuclei (AGN)
are excluded at more than 90% C.L. For the model
#2 shown in Fig. 14 of [32] we expect ⇠7 neutrino
events while none was observed.

yields a value of Nup = 2.39 slightly smaller than the nominal
2.44 of the Feldman-Cousins approach.
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Figure 4. Top panel: Upper limit (at 90% C.L.) to the nor-
malization of the di↵use flux of UHE neutrinos as given in
Eqs. (2) and (3), from the Pierre Auger Observatory. We
also show the corresponding limits from ANITAII [29] and
IceCube [30] experiments, along with expected fluxes for sev-
eral cosmogenic neutrino models that assume pure protons
as primaries [31, 33] as well as the Waxman-Bahcall bound
[13]. All limits and fluxes converted to single flavor. We used
Nup = 2.39 in Eq. (2) to obtain the limit (see text for de-
tails). Bottom panel: Same as top panel, but showing several
cosmogenic neutrino models that assume heavier nuclei as pri-
maries, either pure iron [31] or mixed primary compositions
[9].

4. Cosmogenic ⌫ models that assume a pure primary
proton composition injected at the sources and
strong (FRII-type) evolution of the sources are
strongly disfavored by Auger data. An example
is the upper line of the shaded band in Fig. 17
in [31] (also depicted in Figs. 4 and 5), for which
⇠4 events are expected and as consequence that
flux is excluded at ⇠98% C.L. Models that assume
a pure primary proton composition and normalize
their expectations to the GeV �-ray flux observa-
tions by the Fermi-LAT satellite detector are also
disfavored. For instance for the model shown as a
solid line in the bottom right panel of Fig. 5 in [33]
(also depicted in Figs. 4 and 5 in this work), cor-
responding to the best-fit to the cosmic-ray spec-

Neutrino upper limits start still above
cosmogenic neutrino fluxes for Fe-sources

(2015)

Auger Collaboration, PRD 2015; editors suggestion
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Cosmogenic neutrino fluxes may be ~2 orders 
of magnitudes lower than generally expected !!
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Quest about origin of 
UHECR flux suppression 
of fundamental importance 
• for understanding  
  UHECR sources and 
• prospects of future EeV  
  neutrino experiments
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Answering these questions requires 
Upgrades of 
TA and Auger Observatory
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TAx4 SD Upgrade

59

500 more SDs 
2 more FD stations 

• SD: 700 -> 3000 km2 
• Hybrid: x3 acceptance 
• Optimized for UHECR above cutoff  
  (fully efficient above ~60 EeV) 

 collect statistics more rapidly 

funding approved by JSPS
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Auger Upgrade
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4 m2 to reduce poisson statistics at d>800 m

Scintillators on top of each Water Cherenkov Tank
(non invasive, fast to install, robust technology, relatively inexpensive)
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signal contribution from electrons and muons in EAS
significantly different in scintillator and water Cherenkov tank
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Figure 2.17: Ratios of different contributions to the integrated signal detected for air showers of
1020 eV at two zenith angles. Shown is the ratio between the electromagnetic component (without
the part related to muon decay or low-energy hadronic interactions) and the muonic part. The elec-
tromagnetic particles from muon decay are included in the muonic contribution. The different terms
are explained in the text. The curve labeled “WCD” corresponds to the water-Cherenkov detectors
of the Auger array, while the red one “Top Scin” corresponds to a thin scintillator.

shower parameters at ground level, such as energy or particle fluxes, to the detector signals
via a matrix whose coefficients depend only on the shower geometry but very little on the
shower primary mass or on the interaction model used to describe it.

For the combination of the SSD and the Auger WCD we can relate the signal in MIP
measured with the SSD and the signal in VEM measured by the WCD to the electromagnetic
energy flux Fem and the muonic flux Fµ at ground, both expressed in VEM/m2, by

✓
SSSD
SWCD

◆
=

✓
l ASSD ASSD
b AWCD AWCD

◆ ✓
Fem
Fµ

◆
. (2.1)

where ASSD (respectively AWCD) are the horizontal area of the SSD (respectively WCD), b
represents the projection factor of the WCD surface perpendicularly to the electromagnetic
flux (b = 1 at vertical incidence)1, and l is the average energy (in units of MIP/VEM/cos q)
deposited in the scintillator per VEM of electromagnetic flux. The parameter l depends on
the electron to photon ratio and on the energy distribution of the electromagnetic particles in
the shower. Note that because the average energy deposition of the muons is proportional to
their path length which increases with zenith angle it compensates the decrease of perpen-
dicular surface (this is also true for electrons above one MIP/cos q in the scintillators). With
those definitions and expressing the fluxes in VEM/m2, SSSD will be expressed in MIP and
SWCD in VEM.

From these definitions it is straightforward to obtain the electromagnetic and muon en-

1b is the ratio of the horizontal WCD surface to its surface perpendicular to the zenith direction q. b(q) =
S(q)/S(0) = cos q + 2h/(pR) sin q where h and R are the height and radius of the water volume in the WCD.
For the Auger WCD geometry: b(q) = cos q + 0.42 sin q.

e/γ µ

1020 eV, vertical 1020 eV, 45°

SSSD

SWCD

Linear system of equations solved by matrix inversion

➥ SWCD, µ = δ·SWCD – γ·SSSD

alternative approach: shower Universality 
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Fe

CORSIKA Shower libraries were generated with 
different 
– energies (fixed and continuous) 
– primaries 
– zenith angles 
– interaction models

63 Solvay-Francqui Workshop, Brussels, May 2015

performance then studied 
– per station and 
– per event

Merit Factor 
(discrimination power):

fp,Fe =
|hSFei � hSpi|q

�2
Fe + �2

p

ƒp,Fe=1.68

example plot

Note: enhanced SD
helps also improving

photons and neutrino
detection

Primary Identification on 
Shower-by-Shower Basis
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E > 55 EeV (141 events)  Swift-BAT AGNs at less than 100 Mpc  

All 141 events
(our current
observed 

excess correlation)

107 events
with X

max
 (19) < 770

from 
M1 benchmark

34 events
with X

max
 (19) > 770

 17 come from M1
14 p-like at < 3 deg
3 p-like at > 3 deg

use arrival directions of 141 measured events with θ < 60° and E> 5.5·1019 eV
and randomly assign Xmax according to maximum rigidity model with 10% p-like at high E

and let 50% of p-like events correlate with Swift-BAT sources

this reproduces well 
the present situation

~ 3σ effect

p-like events are removed

only p-like events included
~ 5σ effect



Karl-Heinz Kampert - Univ. Wuppertal Solvay-Francqui Workshop, Brussels, May 2015

Auger Upgrade: Status
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The Pierre Auger Observatory Upgrade

Preliminary Design Report

April 26, 2015

Organization: Pierre Auger Collaboration

OBSERVATORY

Observatorio Pierre Auger,
Av. San Martı́n Norte 304,
5613 Malargüe, Argentina

April 17, 2015

positively evaluated by 
International Advisory Committee 

endorsed by 
International Finance Board 

R&D well advanced, prototypes running 

engineering array 03/2016 

construction 11/2016 - 2018 

data taking into 2024 

costs: 12.5 M€ 

funding: positive signs, but 
not yet approved
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• Clear observation of flux suppression, origin unknown

• Relevant bounds on cosmogenic ν and γ
• First evidence for large scale anisotropies

• First hints on directional correlations to nearby matter

• Increasingly heavier composition above ankle

• pp cross section at ~10*ELHC, LIV-bounds, ...

• muon deficit in models at highest energies

• geophysics (elves, solar physics, aerosols...)

Major Achievements 
in the last ~7 years

67


