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Cosmic accelerators
Elab up to 107 times larger than at the LHC, flux ≈ 1 part/km2/year at 1019 eV

Spectral features → composition (elemental spectra) → sources, propagation

Cosmic ray flux and interaction energies
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Galactic cosmic rays

Injection and propagation scenarios: similar rigidity-dependent cut-offs

Injection: maximum source energy Emax ≈ Z× 3 PeV
protons Emax ≈ 3 PeV, iron Emax ≈ 80 PeV
B. Peters, Il Nuov. Cim. 22 (1961) 800

Propagation: energy-dependent leakage from the Milky Way
knee-like structure in escape time at E ≈ Z× few× PeV
ratio of CR fluxes galactic/extragalactic ≈ 1/1 at ≈ 200 PeV
Giacinti et al., PRD 90 (2014) 041302(R), 91 (2015) 083009
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Favored source candidate
[but there are alternatives]

Supernova remnants
↓

Collisionless shock waves
↓

Diffusive shock acceleration



Extensive air showers (EAS)
14 2. Cosmic Rays and Extensive Air Showers

Figure 2.2: Schematic of the development of an extensive air shower initiated by a cosmic
ray nucleus by a nuclear interaction with the Earth’s atmosphere (taken from [85]).

Hence, in air showers initiated by heavy primaries, more secondary particles are pro-
duced at sea level than in case of those induced by protons; however, they have smaller
energies. Consequently, the number of muons at observation level is larger than in case
of proton induced showers: due to the larger number of secondaries on the one hand, and
on the other hand due to the concomitant on average smaller energy18 per pion (kaon)
causing them to decay earlier into muons, instead of further interacting hadronically;
and all this in combination with the relatively small interaction probability of muons
whilst the propagation through the Earth’s atmosphere. However, the smaller energies of
secondary particles result in a faster attenuation of the electrons during the air shower
development19. In summary, the larger the atomic mass of the air shower inducing nu-
cleus is, the larger the muon number, and the smaller the electron number is at sea level
in comparison to lighter primaries. As a conclusion, the correlation between the number
of electrons and muons can serve as appropriate starting point for a composition analysis
like that in this thesis.

Another property that varies between cosmic ray primaries of different mass groups
are the intrinsic shower fluctuations. In general, the intrinsic shower fluctuations of heav-
ier primaries with atomic mass A are smaller, since they can be considered as a super-
position of A hydrogen nuclei, and by this the statistical fluctuations roughly20 decrease
by
√

A, since the primary energy is split in A independent cascades.
Last but not least, it is trivial and obvious that higher primary energies will result in

higher numbers of electrons and muons detectable at observation level.

energy of nucleons by far.
18The hadronic interactions are not dominating over the decay processes for smaller charged pion

energies (smaller than a critical energy of some tens of GeV, i.e. the connected Lorentz factors are
comparatively small) or at high atmospheric altitudes with smaller particle densities (and the point of
first interaction is located at higher altitudes for heavy particles).

19In combination with the smaller depth of the shower maximum for heavy primaries and the relatively
fast attenuation of electrons, what results in smaller electron numbers at sea level, too.

20In more precise computations, the intrinsic shower fluctuations for heavy primaries are decreasing a
little bit less than

√

A; however, they are still significantly smaller than that in case of protons.

plot: A. Haungs et al., Rep. Prog. Phys., 66 (2003) 1145
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Mass composition from EAS
↓

Sample particle distributions at ground

↓
Number of muons

Nµ ∼ A1−β (β ' 0.9)

↓
Nµ(iron)

Nµ(proton)
≈ 1.4

proton A = 1, ln A = 0
iron A = 56, ln A ≈ 4



KASCADE and KASCADE – Grande

KArlsruhe Shower Core and Array DEtector
KASCADE 200× 200 m2; KASCADE – Grande 700× 700 m2 scintillator arrays

2D electron – muon shower size spectra→ primary spectra of 5 mass groups
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are most probable of extragalactic origin [2], i.e. somewhere in the

energy range from 1016 eV to a few 1018 eV a break-off of the heavy

component and the transition of cosmic rays of galactic to extraga-

lactic origin is expected.

As the measured position of the knee is roughly in agreement

with the energy where supernova remnants (SNR) become ineffi-

cient accelerating particles [3], various theories with different

assumptions were developed to explain the behavior of the spec-

trum between the knee and ankle features.

The basic idea of the ‘dip model’ [4] is that the ankle is a prop-

agation feature of extragalactic protons (energy loss by electron

pair production). Consequently, in that model the composition at

the ankle is to a large extent proton-dominant and the transition

from galactic to extragalactic origin of cosmic rays occurs already

at energies well below 1018 eV. In the scenario of the dip model,

at energies around 1017 eV a pure galactic iron component should

be left and a small kink in the spectrum at around 5–7 � 1017 eV, as

indicated by observations by the AKENO [5] and HiRes [6] experi-

ments and named as ‘second knee’ [7], would be assigned to the

transition. This is in agreement with the SNR theory, where the

knee positions of individual primary masses are proportional to

the charge of the nuclei starting with the proton knee at around

Ep
knee = 3–5 � 1015 eV and EA

knee ¼ Z � Ep
knee (rigidity dependence of

knee positions for galactic cosmic rays).

On the other hand, to avoid an early appearance of the extraga-

lactic cosmic ray component, Hillas [3] proposed in addition to the

standard SNR component, a ‘component B’ of cosmic rays of galac-

tic origin. This component would also experience a charge depen-

dence of break-offs, but now shifted to approximately ten times

higher energy. As a result, the transition occurs here at the ankle

and for the entire energy range from 1015 eV to 1018 eV a mixed

elemental composition is expected. In this scenario, the second

knee, if it exists, would be a feature of the component B.

The KASCADE experiment and its extension, KASCADE-Grande,

aim to provide high quality air-shower data in the energy range

of 1014–1018 eV to evaluate the validity of these models and to dis-

tinguish between them. The KASCADE experiment has shown that

the knee is due to a distinct break in the proton intensity despite

protons are not the most abundant primary in this energy range.

The break is followed by a kink in the spectrum of Helium nuclei

[8], i.e. the knee in the all-particle spectrum is a feature of the light

nuclei (Z < 6), only, where the difference in the energies of the knee

features of primary protons and Helium facilitates the assumption

of a charge dependence of the break-off. First analyses of KAS-

CADE-Grande data [9] resulted in a knee-like feature at around

8 � 1016 eV caused by a steepening in the spectrum of heavy pri-

mary cosmic rays. In the present analysis, the reconstruction of

the all-particle energy spectrum of cosmic rays in the range from

1016 to 1018 eV is described in detail.

Depending on the experimental apparatus and the detection

technique of ground-based air-shower experiments, different sets

of EAS observables are available to estimate the energy of the pri-

mary cosmic ray [10]. In case of ground arrays the total number of

charged particles (often called shower size) in the shower and the

corresponding particle density at observation level are commonly

employed. The muon content of EAS plays an important role, too.

In the atmosphere the muon component suffers less attenuation

than electromagnetic or hadronic components and exhibits less

fluctuations compared to the more abundant electromagnetic

component. In KASCADE-Grande both components, the muon and

the electromagnetic ones, are measured with independently oper-

ating detectors. Both, together with the information of their corre-

lation on a single-event-basis, are used to derive the spectrum.

After a short description of the apparatus and the reconstruction

procedures of the EAS parameters, we will describe the method

developed to determine the all-particle energy spectrum including

studies of systematic uncertainties. We conclude this paper with a

discussion of the results.

2. The experiment

The experimental layout, as well as the reconstruction proce-

dures and accuracies of KASCADE-Grande observables are de-

scribed in detail in reference [11]. In this chapter, we only

summarize the most important facts relevant for the present

analysis.

2.1. KASCADE-Grande

The multi-detector experiment KASCADE [12] (located at

49.1°N, 8.4°E, 110 m a.s.l.) was extended to KASCADE-Grande in

2003 by installing a large array of 37 stations consisting of 10 m2

scintillation detectors each (Fig. 1). KASCADE-Grande provides a

sensitive area of about 0.5 km2 and operates jointly with the

existing KASCADE detectors. Main parts of the experiment used

for the present analysis are the Grande array spread over an area

of 700 � 700 m2, and the original KASCADE array covering

200 � 200 m2. The Grande array is installed over an irregular trian-

gular grid with an average spacing of 137 m. The KASCADE array is

composed of 252 detector stations on a square grid with 13 m

spacing. It is organized in 12 outer clusters of 16 stations each

and 4 inner clusters of 15 stations each. The outer clusters (192 sta-

tions) are equipped with two unshielded (e.m.) and one shielded

(muon) detector units each. A muon detector unit consists of 4

plastic scintillators of 90 � 90 � 3 cm3 each, where the iron-lead

shielding provides a threshold of 230 MeV kinetic energy for verti-

cally incident muons. The total sensitive area of the muon array

amounts to 622 m2.

While with the Grande array we reconstruct the total number of

charged particles, data from the shielded scintillation detectors of

the KASCADE array are used to reconstruct the total number of

muons on an event-by-event basis for events triggered by Grande.
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Fig. 1. Layout of the KASCADE-Grande experiment: The KASCADE array and the

distribution of the 37 stations of the Grande array are shown. The outer 12 clusters

of the KASCADE array consist of shielded l-detectors (hatched area). The dotted line

shows the fiducial area selected for the present analysis.
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spectrum measured for extensive air showers initiated by cosmic

rays, corresponding to a change of the power law slope of the

all-particle energy spectrum at few PeV. Three years later, Peters

[5] concluded that the position of this kink, also called the ‘‘knee’’

of the cosmic ray spectrum, will depend on the atomic number of

the cosmic ray particles if their acceleration is correlated to mag-

netic fields. This would mean that the spectra of lighter and heavier

cosmic ray mass groups exhibit knee structures with growing en-

ergy successively. About half a century later, EAS-TOP observations

[6,7] and, in a more detailed analysis, the KASCADE experiment

[8,2] showed that the change of spectral index detected by Kulikov

and Khristiansen could be caused by a decrease of the so far quan-

titatively dominating light component of cosmic rays. More pre-

cisely, the KASCADE results [2] have proved that the knee in the

all-particle spectrum at about 5 PeV corresponds to a decrease of

flux observed for light cosmic ray primaries, only. This result was

achieved by means of an unfolding analysis disentangling the con-

voluted energy spectra of five mass groups from the measured

two-dimensional shower size distribution of electrons and muons

at observation level.

There are numerous theories about details of the origin, acceler-

ation, and propagation of cosmic rays. Concerning the knee posi-

tions of individual primaries, some of the models predict, in

contrast to the magnetic rigidity dependence considered by Peters

[5], a correlation with the mass of the particles (e.g. cannonball

model [9]). Hence, it is of great interest to verify whether also

the spectra of heavy cosmic ray mass groups exhibit analogous

structures and if so, at what energies. The KASCADE-Grande exper-

iment [1], located at Karlsruhe Institute of Technology (KIT), Ger-

many, extends the accessible energy range of KASCADE to higher

energies up to around 2000 PeV, and allows by this to investigate

the cosmic ray energy spectra and composition at regions where

the iron knee is expected.

The determination of the energy where the iron knee occurs en-

ables the validation of the various theoretical models. Following

this purpose, the KASCADE-Grande measurements have been ana-

lysed with straightforward but robust analysis methods yielding an

evidence for a steepening in the cosmic ray all-particle spectrum at

about 80 PeV [10], which corresponds to a knee-like structure in

the heavy component of cosmic rays at about this energy [3]. In or-

der to verify and to refine the obtained results, an unfolding tech-

nique has been used similar to the one applied to KASCADE data

[2,11], but now for the KASCADE-Grande energy range and based

on the interaction models QGSJET-II-02 [12,13] and FLUKA

2002.4 [14–16]. The unfolding method used will be outlined, and

the results, which yield a strong indication for a dominance of

the cosmic ray all-particle spectrum by heavy mass groups in the

observed energy range and for a knee in the iron spectrum at about

80 PeV, will be presented in this publication. A more detailed

description of the unfolding analysis can be found in [17].

2. Outline of the analysis

2.1. Data

The KASCADE-Grande experiment4 measures air showers initi-

ated by primary cosmic rays in the energy range5 10 PeV to about

2000 PeV. It consists of a large scintillator array for measurements

of charged particles, Nch, and of an array of shielded scintillation

counters used for muon counting, Nl, with a resolution of K15%

and K20%, respectively. A comprehensive description of the exper-

iment, the data acquisition and the event reconstruction, as well as

the achieved experimental resolutions is given in [1,10,17].

In Fig. 1, the two-dimensional shower size spectrum number of

charged particles log10ðN
rec
ch Þ vs. number of muons log10ðN

rec
l
Þ mea-

sured with KASCADE-Grande, and used as basis for this analysis, is

depicted. Only events with shower sizes for which the experiment

is fully efficient are considered, i.e. log10ðN
rec
ch ÞJ6:0 and

log10ðN
rec
l
ÞJ5:0. In order to avoid effects due to the varying atten-

uation of the shower sizes for different angles of incidence, the

data set used is restricted to showers with zenith angles h 6 18�.

Furthermore, a couple of quality cuts are applied (cf. [1,10,17]).

Finally, the measurement time covers approximately 1318 days

resulting in c. 78 000 air shower events having passed all quality

cuts and contributing to Fig. 1, and yielding an exposure of

164709 m2 sr yr.

2.2. Analysis

The analysis’ objective is to compute the primary energy spectra

of Nnucl ¼ 5 cosmic ray mass groups,6 represented by protons (p), as

well as helium (He), carbon (C), silicon (Si), and iron (Fe) nuclei.

The convolution of these sought-after differential fluxes

dJn=dlog10E of the primary cosmic ray nuclei n, with

n ¼ 1 . . .Nnucl, having an energy E into the measured number of

showers Ni that is contributing to the content of the specific

charged particle and muon number bin log10ðN
rec
ch Þ; log10ðN

rec
l
Þ

� �

i
in Fig. 1, can be described by an integral equation:

Ni ¼2pAfTm

X

Nnucl

n¼1

Z 18�

0�

Z þ1

ÿ1

�
dJn

dlog10E
pn sin h cos h dlog10E dh; with

pn ¼ pn log10N
rec
ch ; log10N

rec
l

� �

i
j log10E

� �

: ð1Þ

)
rec

µ
(N
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Fig. 1. Two-dimensional distribution of the shower sizes (total number of charged

particles and of muons) measured with KASCADE-Grande and used for this analysis.

Diverse quality cuts are applied. Furthermore, only events with zenith angles

h 6 18� and with shower sizes for which the experiment is fully efficient (above

log10ðN
rec
ch Þ � 6:0 and log10ðN

rec
l
Þ � 5:0) are considered. In addition, a roughly

estimated energy scale is indicated. Since KASCADE-Grande measures the shower

sizes at atmospheric depths beyond the shower maximum, electron-rich showers

are initiated preferentially by light primaries, and electron-poor showers by heavy

ones, respectively (this is indicated in the figure, too).

4 Located at Karlsruhe Institute of Technology (KIT), 49:1� N, 8:4� E. Observation

level 110 m a.s.l., corresponding to an average atmospheric depth of 1022g=cm2 .
5 In this work, the upper energy is limited to about 200 PeV since data statistics are

too small in the used sample of vertical showers at higher energies.

6 This number of considered primaries has been found to yield a good compromise

between the minimum number of primaries needed to describe the measured data

sufficiently well, and the dispersion effects due to the limited resolution of the

shower sizes (cf. Section 3 for details).

W.D. Apel et al. / Astroparticle Physics 47 (2013) 54–66 55

heavy

light

KASCADE – Grande, ApP 36 (2012) 183, 47 (2013) 54



KASCADE spectra in the knee region

Knee in light-element spectra at 3− 5 PeV (∆γ ≈ 0.4)

the solution, but a slightly better description of the data is

achieved. This improvement in describing the KASCADE data is

not surprising considering the fact that FLUKA has been tuned to

provide a good description of recent accelerator data.

4. Investigation of different KASCADE data sets

In the analysis described so far, only EAS reaching the detector

with zenith angles below 18° were included in the composition

studies. The analysis of more inclined shower data can serve as con-

sistency check. Due to the limited reproduction of themeasured ob-

servable correlations by the models, one cannot expect to obtain

identical results for the energy spectra as compared to the vertical

data set. Nevertheless, large differences between the solution sets

for different zenith angle ranges could indicate a severe problem

in either the simulation chain or the performed analysis technique.
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KASCADE – Grande spectra in the 2nd knee region
Heavy component — knee at ≈ 80 PeV
Light component — hardening at ≈ 120 PeV
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Figure 2: Left: All-particle, electron-poor, and electron rich energy spectra from KASCADE-Grande.
Right: Reconstructed energy spectra of the heavy primary component for five hadronic interaction mod-
els. The error bars show the statistical uncertainties and the bands the systematic uncertainties; fits on the
spectra and resulting slopes before and after the heavy knee are also indicated [12].

2. Summary of main results

2.1 The all-particle energy spectrum

A composition independent all-particle energy spectrum of cosmic rays was reconstructed in
the energy range of 1016 eV to 1018 eV from the Grande data within a total uncertainty in flux of
10-15% [5]. The spectrum is in the overlapping region in agreement with the earlier published
spectrum by KASCADE [6]. Significant structures are observed in the spectrum (Fig. 1): The
justification of the ‘knee’ at a few times 1015 eV is given since many years. But now, there is
also a clear evidence that just above 1016 eV the spectrum shows a significant ‘concave’ behavior.
Another feature in the spectrum is a small break, i.e. knee-like feature at around 1017 eV. The latter
slope change occurs at an energy where the rigidity dependent, i.e. charge dependent, knee of the
iron component would be expected, if the ‘knee’ is caused by light primaries. The concave part of
the spectrum is then a consequence of knee-like features of the spectra of medium masses.

2.2 Elemental composition of cosmic rays

Already in 2005 KASCADE could prove [6] that the knee is caused by a decrease of the light
mass group of primary particles and not by medium and heavy primary particles. With KASCADE-
Grande we investigated such individual mass group spectra also at higher primary energies [7, 8].
All the simulations for the described analyses are performed with the air-shower simulation pack-
age CORSIKA [9] allowing simulations based on various hadronic interaction models. The ap-
plication of this methodical approach to shower selection and separation in various mass groups
were performed and cross-checked in different ways, where figure 2, left panel, shows the main re-
sults: The reconstructed spectrum of the electron-poor events, i.e. the spectrum of heavy primaries,
shows a distinct knee-like feature at about 8 ·1016 eV with a statistical significance of 3.5σ [7, 10].

3

heavy

light

Start of transition to extragalactic component?
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≈ 10 years ago: astrophysical models
‘Ankle’ and ‘Mixed’
ankle — transition from galactic (≈ iron) to extragalactic CR (proton/mixed)
galactic ≈ extragalactic: @Eankle ≈ 5 EeV (‘Ankle’); @E ≈ 0.5− 1 EeV (‘Mixed’)

‘Dip’
transition around 2nd knee (from ≈ iron to proton)
ankle — propagation effect due to p + γCMB → p + e+ + e−

cutoff — GZK effect p + γCMB → p(n) + π0(π+)D. Allard et al.: Signatures of the extragalactic cosmic-ray source composition 63

Fig. 3. Evolution of 〈Xmax〉 as a function of energy for the different transition models (using QGSJet-II). Left: pure proton EGCR sources with
two different source evolution scenarios (PU and PSFR), and with a low-energy-cut mechanism (PLEC) as in Allard et al. (2005c). The case of a
primordial mix of H and He nuclei (H/He) is also shown for comparison. Contrary to PU, PSFR and PLEC, the latter has a GCR/EGCR transition at
the ankle. Right: mixed composition EGCR sources (generic and primordial) with different source evolution scenarios. The scenario of Wibig &
Wolfendale (2004) model is also displayed for comparison (WW).

β = 2.6 above (a uniform source distribution is assumed).
Quantitatively, the slope of 〈Xmax〉(E) between 1017.5 and
1018 eV is 120−130 g/cm2/decade in the standard case (depend-
ing on the assumed hadronic model) and increases up to 150–160
in the case of a low energy cut (see Fig. 3b and the discussion
in Allard et al. 2005c). The break point in 〈Xmax〉(E), however,
remains roughly at the same energy – even though it is sharper
in low-energy-cut models.

As a conclusion, the GCR/EGCR transition predicted by
pure proton, SKT models is characterised by a clear break point
in the evolution of 〈Xmax〉 with energy, located between ∼4 ×
1017 eV and 1–1.5 × 1018 eV depending on the source evolu-
tion properties and the presence of additional low energy cut
mechanisms.

4.2. Mixed composition models

The case of mixed composition models is illustrated in Fig. 3b.
The evolution of 〈Xmax〉 is relatively steep in the transition re-
gion, below Eankle, because the composition evolves rapidly from
the dominantly heavy Galactic component to the light extra-
galactic mixed composition. However, the evolution is signif-
icantly slower than in the case of SKT models, because the
transition is wider and the cosmic-ray composition does not turn
directly into protons only. As can be seen in Fig. 3b, an interme-
diate stage appears, which may be called the mixed-composition
regime, where a break in the evolution of 〈Xmax〉 around Eankle is
followed by a flattening up to ∼1019 eV, reflecting the fact that
the (propagated) EGCR composition does not change much in
this energy range. This is because among the different EGCR
nuclei, only He nuclei interact strongly with infrared photons at
these energies. Between Eankle and ∼1019 eV, the evolution of
〈Xmax〉 is actually compatible with what is expected from a con-
stant composition. Then around 1019 eV, the relative abundance
of nuclei heavier than protons starts to decrease significantly as
a result of photo-disintegration processes: the CNO component
starts interacting with the infrared background and the CMB
photons eventually cause the He component to drop off com-
pletely. The evolution of 〈Xmax〉 therefore steepens again, accom-
panying the progressive evolution towards an almost pure proton
composition as each type of nuclei reaches its effective (mass de-
pendent) photo-disintegration threshold. Even though slight dif-
ferences may be expected from one model to the other, the above

evolution of 〈Xmax〉(E) in a three steps process is a characteristic
prediction of mixed-composition models, or generically of any
type of EGCR sources allowing for the acceleration of a signifi-
cant fraction of nuclei heavier than He (Allard et al. 2005c).

In addition to this specific signature associated with the
GCR/EGCR transition, mixed-composition models can be char-
acterised by another interesting feature appearing at the highest
energies. Indeed, if Fe nuclei are accelerated above 1020 eV, the
cosmic-ray composition is expected to become somewhat heav-
ier again above 5 × 1019 eV, where protons start to experience the
usual GZK effect (i.e., photo-pion production over CMB pho-
tons). At this energy, heavy nuclei only interact with the infrared
photons, which results in a much gentler attenuation of the heavy
components than that of the protons, i.e. a heavier composition.
This relative increase of the heavier component ceases around
1.5–2 × 1020 eV, where interactions with the CMB photons via
the GDR process take over and photo-dissociate the heavy nuclei
very quickly.

From the point of view of the 〈Xmax〉 evolution, a second flat-
tening is thus expected between 5 × 1019 eV and 1.5 × 1020 eV,
followed by a final steepening towards a pure proton compo-
sition, as can be seen clearly in Fig. 4b. The actual amplitude
of this feature obviously depends on the relative abundance of
heavy nuclei accelerated at the highest energies, which may
allow one to constrain this very important part of the EGCR in-
jection spectrum, should such a feature be observed in the fu-
ture. Note that this feature is clearly visible here in the case of
our generic mixed-composition model, even though the corre-
sponding Fe fraction at the source is less than 10%, whatever the
source evolution hypothesis and the hadronic model assumed to
compute the depth of the shower maximum. While the current
data above 5 × 1019 eV are too scarce to test this prediction,
we expect future experiments to extend composition analyses up
to the highest energies, thereby helping discriminate among the
EGCR source models.

5. Discussion

The high-energy cosmic ray spectrum can be satisfactorily ac-
counted for within either the SKT or the mixed composition
models. However, we have shown that the corresponding phe-
nomenology of the GCR/EGCR transition is very different in

Dip Mixed, Ankle

T. Wibig, A. Wolfendale, J. Phys. G 31 (2005) 255; A. Hillas, J. Phys. G 31 (2005) R95; V. Berezinsky et al., PLB 612 (2005) 147;

D. Allard et al. A&A 443 (2005) L29, A&A 473 (2007) 59; R. Aloisio et al., PRD 77 (2008) 025007 8
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trend toward lighter composition, in agreement with astrophysical models?

atmosphere for each event.  This is unlikely to represent reality, as it is probable that the atmosphere 

deviates from the standard conditions from night to night and even during a night of observation.  This 

view is strengthened by the results of balloon flights made from Malargüe16, which have shown that 

the atmosphere changes in a significant way both diurnally and seasonally.  If a standard atmosphere is 

used, some of the fluctuations observed in Xmax may be incorrectly attributed to shower, rather than to 

atmospheric, variations.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2: The depth of maximum, as predicted using various models, compared with measurements.  The 

predictions of the five modifications of QGSJET, discussed in [15], from which this diagram is taken, lie below 

the dashed line that indicates the predictions of QGSJET01. 

 

Doubts about traditional interpretations are reinforced by the detailed Monte Carlo analysis of 

uncertainties in Xmax and the fluctuations in Xmax discussed in these proceedings by L Perrone17.  It is 

found that at distances beyond 20 km, there are significant systematic shifts in the Xmax values derived 

and in the spread of the Xmax values.  At 20 km, Xmax is, on average, estimated to be 60 g cm-2 deeper in 

the atmosphere and the fluctuations in Xmax for iron nuclei are considerable with   ~ 100 g cm-2.  These 

factors act in such a way as to suggest that the elongation rate reported by HiRes (and presumably also 

by Fly’s Eye) may have been systematically over-estimated and that the fluctuations in Xmax are not 

due entirely to protons. Thus, it may be premature to draw conclusions about the presence of protons 

from analyses of fluctuations. 

 

3.3. Mass from muon density measurements: It is well known that a shower produced by an iron 

nucleus will contain a larger fraction of muons at the observation level than a shower of the same 

energy created by a proton primary.  Many efforts to derive the mass spectrum of cosmic rays have 

been made using this fact.  However, although the differences are predicted to be relatively large (on 

average there are ~70% more muons in an iron event than a proton event), there are large fluctuations 

and, again, there are differences between what is predicted by particular models.  Thus, the QGSJET 

set predicts more muons than the Sibyll family, the difference arising from different predictions as to 

the pion multiplicities produced in nucleon-nucleus and pion-nucleus collisions that in turn arise from 

differences in the assumptions about the parton distribution within the nucleon18.  In a contribution to 

these proceedings, K Shinosaki19 has described the data on muons signals from the AGASA array.  

 4

Fe

p

A. Watson, Nucl. Phys. B (Proc. Suppl.) 136 (2004) 290
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An additional source of systematic error is re-

lated to uncertainties in the hadronic interaction

model; following the discussion in [1], which re-

lates to the use of QGSJET98QGSJET98 rather than QGS-QGS-

JET01JET01 , the systematic shift in the fraction of iron is

14%. Showers that are calculated using QGSJET01QGSJET01

are found to develop higher in the atmosphere so

that the fraction of Fe estimated is reduced from

(89± 5)% to (75± 5)%.

6. Comparison with other data

In Fig. 8, we show the results from various re-

ports of the Fe fraction as a function of energy, as

inferred from a variety of techniques. The Volcano

Ranch data have been represented by a single

point (with an error bar) at the median energy of

the events; this energy is based on Linsley’s esti-

mate and is believed to be reliable. Horizontal lines

have been drawn to indicate the range of energies

in the data, as described above. The error at the

lower bound may be similar to the error shown at

the median (as it is close in energy), but the error

at the upper end must surely be greater as the

number of events must have been small. There is,

however, no reliable way of computing errors at

either end of the range.

The data from Volcano Ranch and from

Haverah Park [1] are not in good agreement de-

spite the facts that a similar quantity, the lateral

distribution function of the showers, has been

measured at each array and that the same model

(QGSJET98QGSJET98) was used to interpret the data (al-

though with different propagation codes, AIRESAIRES

and CORSIKACORSIKA, respectively). We cannot explain

this difference.

In Fig. 8 we also show data from the Akeno/

AGASA and the Fly’s Eye experiments. The

Akeno/AGASA groups measured the muon den-

sities in showers, normalized at 600 m. The energy

thresholds for Akeno and AGASA were 1 and 0.5

GeV, respectively. The Fly’s Eye data are deduced

from measurements of the depth of shower maxi-

mum. In an effort to reconcile differing claims

made by the two groups for the trend of mass

composition with energy, Dawson et al. [6] reas-

sessed the situation using a single model, SIB-SIB-

YLL1.5YLL1.5, on both data sets. SIBYLL1.5SIBYLL1.5 was an early

version of the SIBYLLSIBYLL family that evolved to SIB-SIB-

YLL1.6YLL1.6, 1.71 .7 and 2.12.1. It is the estimates of the Fe

fractions from [6] that are shown in Fig. 8. How-

ever, the predictions of the muon density and of

the depth of shower maximum made with the

version of SIBYLLSIBYLL used in [6] differ significantly

from those that would be derived using QGSJET98QGSJET98

or QGSJET01QGSJET01 (or with the later SIBYLLSIBYLL version,

2.1). We now discuss this point in some detail

drawing on the extremely useful set of compari-

sons of the predictions from SIBYLL1.7SIBYLL1.7 and 2.12.1

with those from QGSJET98QGSJET98 which has been given in

[28]. We understand that SIBYLL1.6SIBYLL1.6 and SIBYLL1.7SIBYLL1.7

differed only in that the neutral pions were allowed

to interact in the latter model and it is not believed

that this will make a serious difference to the pre-

dictions at energies below 1019 eV [29]. Therefore,

in what follows we regard the SIBYLL1.7SIBYLL1.7 and

QGSJET98QGSJET98 differences as being identical to those

that exist between SIBYLL1.6SIBYLL1.6 (or 1.51.5) and QGS-QGS-

JET98JET98, for which no similar comparisons are

available. It is convenient to make comparisons

between model predictions at 1018 eV. More de-

tailed comparisons, over a range of energies,

Fig. 8. Fe fraction from various experiments: Fly’s Eye (M),

AGASA A100 (j), AGASA A1 (�) using SIBYLL1.5SIBYLL1.5 ([6] and

references therein) and Haverah Park [1], using QGSJET98QGSJET98 (�).

The mass composition determined in this paper from Volcano

Ranch data, using QGSJET98QGSJET98 (d), is shown, together with an

estimate of the error and energy range.

604 M.T. Dova et al. / Astroparticle Physics 21 (2004) 597–607

M.T. Dova et al., ApP 21 (2004) 597

“Our knowledge about the mass of primary CR at E > 1017 eV is rudimentary”
A. Watson



The Pierre Auger Collaboration

≈ 400 members from ≈ 90 institutions in 16 countries

11



The Pierre Auger Observatory
FD telescopes at Los Morados

Water-Cherenkov station

12

Figure 6: FD building at Los Leones during the day. Behind the building is a communication tower. This
photo was taken during daytime when shutters were opened because of maintenance.

Figure 7: Schematic view of a fluorescence telescope with a description of its main components.

Figure 8: Photo of a fluorescence telescope at Coihueco.

illuminating a camera in case of a malfunction of the shutter or a failure of the Slow
Control System.

A simplified annular lens, which corrects spherical aberration and eliminates coma
aberration, is mounted in the outer part of the aperture. The segmented corrector ring
has inner and outer radii of 850 and 1100 mm, respectively. Six corrector rings were

23

Figure 3: A schematic view of a surface detector station in the field, showing its main components.

at around 1019 eV [41].

3. The surface detector

3.1. Overview

A surface detector station consists of a 3.6 m diameter water tank containing a
sealed liner with a reflective inner surface. The liner contains 12,000 liters of ultra-
pure water. Three 9-inch diameter Photonis XP1805/D1 photomultiplier tubes (PMTs)
are symmetrically distributed on the surface of the liner at a distance of 1.20 m from
the tank center axis and look downward through windows of clear polyethylene into
the water. They record Cherenkov light produced by the passage of relativistic charged
particles through the water. The tank height of 1.2 m makes it also sensitive to high
energy photons, which convert to electron-positron pairs in the water volume.

Each surface detector station is self-contained. A solar power system provides an
average of 10 W for the PMTs and electronics package consisting of a processor, GPS
receiver, radio transceiver and power controller. The components of a surface detector
station are shown in Figure 3. Ref. [42] describes the surface detector in detail.

Figure 1 shows the layout of the surface array and the FD buildings at its periphery.

3.2. The SD station

The tanks are made of polyethylene using the rotational molding, or rotomolding,
process. This process, in simplified form, consists of putting a set amount of polyethy-
lene resin inside a mold, then rotating the mold and heating it until the resin has melted
and uniformly coated the interior walls of the mold. The result is a low cost, tough,
and uniform tank with robustness against the environmental elements. The carefully
selected, custom compounded polyethylene resins contained additives to enhance ul-
traviolet protection. The interior two-thirds of the wall thickness was compounded with
1% carbon black to guarantee light-tightness. The outer one-third was colored beige
to blend with the landscape. The tanks have an average wall thickness of 1.3 cm and a
nominal weight of 530 kg. The tanks do not exceed 1.6 m in height so that they can be
shipped over the roads within transportation regulations.

15
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at around 1019 eV [41].

3. The surface detector

3.1. Overview

A surface detector station consists of a 3.6 m diameter water tank containing a
sealed liner with a reflective inner surface. The liner contains 12,000 liters of ultra-
pure water. Three 9-inch diameter Photonis XP1805/D1 photomultiplier tubes (PMTs)
are symmetrically distributed on the surface of the liner at a distance of 1.20 m from
the tank center axis and look downward through windows of clear polyethylene into
the water. They record Cherenkov light produced by the passage of relativistic charged
particles through the water. The tank height of 1.2 m makes it also sensitive to high
energy photons, which convert to electron-positron pairs in the water volume.

Each surface detector station is self-contained. A solar power system provides an
average of 10 W for the PMTs and electronics package consisting of a processor, GPS
receiver, radio transceiver and power controller. The components of a surface detector
station are shown in Figure 3. Ref. [42] describes the surface detector in detail.

Figure 1 shows the layout of the surface array and the FD buildings at its periphery.

3.2. The SD station

The tanks are made of polyethylene using the rotational molding, or rotomolding,
process. This process, in simplified form, consists of putting a set amount of polyethy-
lene resin inside a mold, then rotating the mold and heating it until the resin has melted
and uniformly coated the interior walls of the mold. The result is a low cost, tough,
and uniform tank with robustness against the environmental elements. The carefully
selected, custom compounded polyethylene resins contained additives to enhance ul-
traviolet protection. The interior two-thirds of the wall thickness was compounded with
1% carbon black to guarantee light-tightness. The outer one-third was colored beige
to blend with the landscape. The tanks have an average wall thickness of 1.3 cm and a
nominal weight of 530 kg. The tanks do not exceed 1.6 m in height so that they can be
shipped over the roads within transportation regulations.
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The Pierre Auger Observatory

Fluorescence detector (FD)
[longitudinal profile]

duty cycle 15 %

24 + 3 fluorescence telescopes
at 4 locations

Surface detector (SD)
[lateral distribution]

duty cycle 100 %

1660 water-Cherenkov stations
at 1500 m spacing, 3000 km2

61 water-Cherenkov stations
at 750 m spacing, 23.5 km2

Nucl. Instrum. Meth. A798 (2015) 172
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Longitudinal shower development
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Air Shower Detection in the Hybrid Era
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Measurements of the depth of shower maximum Xmax

11 years of data 12.2004− 12.2015

energies E > 1017.2 eV

the highest energy 107± 8 EeV

42662 high-quality FD events

842 events with E > 10 EeV

systematic uncertainty
below 10 g cm−2

resolution
26 g cm−2 at 1017.8 eV
15 g cm−2 for E > 1019.3 eV
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Rate of change of Xmax with energy
One of the most reliable mass indicators

simulations: 54− 64 [g cm−2/decade] for constant composition

Composition is getting lighter below ≈ 2 EeV and heavier afterwards
18



Xmax moments: data vs simulations
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Composition is getting lighter below ≈ 2 EeV and heavier afterwards

PRD 90 (2014) 122005, update at ICRC (2017)
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Composition from fits of Xmax distributions
poor fit intermediate masses improve the fit quality
(p, Fe) (p, N, Fe) (p, He, N, Fe)
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FIG. 5: Xmax distribution of the fits for energy bin E = 1017.8�17.9 eV. Results using Sibyll 2.1

are shown in the top row, QGSJET II-4 in the middle row, and EPOS-LHC in the bottom row.

The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-
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The left column displays results where protons and iron nuclei were used, the central column also

includes nitrogen nuclei, and the right column includes helium nuclei in addition.

data lie between those for protons and iron nuclei but the distributions are too narrow to

accommodate a mixture of the two. Thus we conclude that either the model predictions are

wrong or else other nuclei with shorter propagation length form a significant component of

the UHECR flux that reaches the upper atmosphere.

Adding intermediate components greatly improves the fits for all hadronic interaction

models. EPOS-LHC in particular are satisfactory over most of the energy range. It is

interesting to note that including intermediate components also brings the models into re-

17

PRD 90 (2014) 122006, update at ICRC 2017
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Auger: mass composition from fits of Xmax distributions
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fractions of p and He change much with energy, Fe is almost absent
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‘Ankle’ in all-particle spectrum

one component changing slope? σ(ln A) ≈ 0 (as in ‘dip’ model)

several components with different slopes? σ(ln A) 6= 0 (as in ‘mixed’ model)
. . .
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〈ln A〉 and σ2(ln A) near ‘ankle’ (lg(E/eV) ≈ 18.7)

conversion from first two moments of Xmax distributions

[Auger, ICRC 2017]
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Less model-dependent estimate of σ(ln A)?
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Combine muon content Nµ and Xmax

24

properties follow already from the Heitler-Matthews model [J. Matthews, ApP 22 (2005) 387]

Depth of shower maximum

〈Xmax〉 = 〈Xp
max〉 − Dp〈ln A〉

〈Xp
max〉 ≈ 〈XFe

max〉+ (80− 100) g cm−2

Number of muons

Nµ ∼ Eβ (β ≈ 0.9)

superposition model 1[A, E]→ A[1, E/A]

Nµ ∼ A1−β,
Nµ(Fe)
Nµ(p)

≈ 1.4

Relative placement of nuclei in (Xmax, Nµ) is weakly model-dependent

arXiv:1604.03637
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The key idea

heavier nuclei produce shallower showers with larger signal (more muons)
general characteristics of air showers / minor model dependence

[P. Younk, M. Risse, ApP 35 (2012) 807]
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Data vs pure beams
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rG ranking correlation coefficient [R. Gideon, R. Hollister, JASA 82 (1987) 656]
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rG(X∗max, S∗38) vs dispersion of masses σ(ln A)
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Dispersion of masses: data vs simulations
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Xmax from the SD up to 100 EeV

29

PRD 96, 122003 (2017)

Risetime t1/2 — time of increase from 10% to 50% of total integrated signal

time traces of SD stations
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Xmax from the SD up to 100 EeV
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PRD 96, 122003 (2017)

Calibration with Xmax from the fluorescence detector
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Xmax from the SD up to 100 EeV
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PRD 96, 122003 (2017)
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Open questions

‘Old’ astrophysical models (‘ankle’, ‘dip’, ‘mixed’) are disfavoredD. Allard et al.: Signatures of the extragalactic cosmic-ray source composition 63

Fig. 3. Evolution of 〈Xmax〉 as a function of energy for the different transition models (using QGSJet-II). Left: pure proton EGCR sources with
two different source evolution scenarios (PU and PSFR), and with a low-energy-cut mechanism (PLEC) as in Allard et al. (2005c). The case of a
primordial mix of H and He nuclei (H/He) is also shown for comparison. Contrary to PU, PSFR and PLEC, the latter has a GCR/EGCR transition at
the ankle. Right: mixed composition EGCR sources (generic and primordial) with different source evolution scenarios. The scenario of Wibig &
Wolfendale (2004) model is also displayed for comparison (WW).

β = 2.6 above (a uniform source distribution is assumed).
Quantitatively, the slope of 〈Xmax〉(E) between 1017.5 and
1018 eV is 120−130 g/cm2/decade in the standard case (depend-
ing on the assumed hadronic model) and increases up to 150–160
in the case of a low energy cut (see Fig. 3b and the discussion
in Allard et al. 2005c). The break point in 〈Xmax〉(E), however,
remains roughly at the same energy – even though it is sharper
in low-energy-cut models.

As a conclusion, the GCR/EGCR transition predicted by
pure proton, SKT models is characterised by a clear break point
in the evolution of 〈Xmax〉 with energy, located between ∼4 ×
1017 eV and 1–1.5 × 1018 eV depending on the source evolu-
tion properties and the presence of additional low energy cut
mechanisms.

4.2. Mixed composition models

The case of mixed composition models is illustrated in Fig. 3b.
The evolution of 〈Xmax〉 is relatively steep in the transition re-
gion, below Eankle, because the composition evolves rapidly from
the dominantly heavy Galactic component to the light extra-
galactic mixed composition. However, the evolution is signif-
icantly slower than in the case of SKT models, because the
transition is wider and the cosmic-ray composition does not turn
directly into protons only. As can be seen in Fig. 3b, an interme-
diate stage appears, which may be called the mixed-composition
regime, where a break in the evolution of 〈Xmax〉 around Eankle is
followed by a flattening up to ∼1019 eV, reflecting the fact that
the (propagated) EGCR composition does not change much in
this energy range. This is because among the different EGCR
nuclei, only He nuclei interact strongly with infrared photons at
these energies. Between Eankle and ∼1019 eV, the evolution of
〈Xmax〉 is actually compatible with what is expected from a con-
stant composition. Then around 1019 eV, the relative abundance
of nuclei heavier than protons starts to decrease significantly as
a result of photo-disintegration processes: the CNO component
starts interacting with the infrared background and the CMB
photons eventually cause the He component to drop off com-
pletely. The evolution of 〈Xmax〉 therefore steepens again, accom-
panying the progressive evolution towards an almost pure proton
composition as each type of nuclei reaches its effective (mass de-
pendent) photo-disintegration threshold. Even though slight dif-
ferences may be expected from one model to the other, the above

evolution of 〈Xmax〉(E) in a three steps process is a characteristic
prediction of mixed-composition models, or generically of any
type of EGCR sources allowing for the acceleration of a signifi-
cant fraction of nuclei heavier than He (Allard et al. 2005c).

In addition to this specific signature associated with the
GCR/EGCR transition, mixed-composition models can be char-
acterised by another interesting feature appearing at the highest
energies. Indeed, if Fe nuclei are accelerated above 1020 eV, the
cosmic-ray composition is expected to become somewhat heav-
ier again above 5 × 1019 eV, where protons start to experience the
usual GZK effect (i.e., photo-pion production over CMB pho-
tons). At this energy, heavy nuclei only interact with the infrared
photons, which results in a much gentler attenuation of the heavy
components than that of the protons, i.e. a heavier composition.
This relative increase of the heavier component ceases around
1.5–2 × 1020 eV, where interactions with the CMB photons via
the GDR process take over and photo-dissociate the heavy nuclei
very quickly.

From the point of view of the 〈Xmax〉 evolution, a second flat-
tening is thus expected between 5 × 1019 eV and 1.5 × 1020 eV,
followed by a final steepening towards a pure proton compo-
sition, as can be seen clearly in Fig. 4b. The actual amplitude
of this feature obviously depends on the relative abundance of
heavy nuclei accelerated at the highest energies, which may
allow one to constrain this very important part of the EGCR in-
jection spectrum, should such a feature be observed in the fu-
ture. Note that this feature is clearly visible here in the case of
our generic mixed-composition model, even though the corre-
sponding Fe fraction at the source is less than 10%, whatever the
source evolution hypothesis and the hadronic model assumed to
compute the depth of the shower maximum. While the current
data above 5 × 1019 eV are too scarce to test this prediction,
we expect future experiments to extend composition analyses up
to the highest energies, thereby helping discriminate among the
EGCR source models.

5. Discussion

The high-energy cosmic ray spectrum can be satisfactorily ac-
counted for within either the SKT or the mixed composition
models. However, we have shown that the corresponding phe-
nomenology of the GCR/EGCR transition is very different in

Dip Mixed, Ankle

Is there a subdominant light component at the highest energies?

If not, can we discover sources for observed mixed/heavy composition?

End of the CR spectrum: nuclei fragmentation or maximum source energy?

How to describe energy spectrum and evolution of the mass composition?
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Astrophysical model for spectrum–composition fit

33

JCAP 04 (2017) 038

sources: extragalactic, identical, uniformly distributed, no evolution

injected nuclei: 1H, 4He, 14N, 28Si, 56Fe

cutoff: rigidity (R = E/Z) dependent

cosmic photon background: CMB, extragalactic background light

energy losses: e+ − e− and photo-meson production, photo-disintegration

extragalactic magnetic fields: no interaction (1D propagation)

propagation software: SimProp, CRPropa

energy range: E > 5 EeV (above ‘ankle’ feature of spectrum)

interactions in atmosphere: EPOS-LHC, QGSJetII-04, Sybill 2.1

data to fit: SD spectrum (47767 events), Xmax distributions (1446 events)



Astrophysical model for spectrum–composition fit

34

JCAP 04 (2017) 038

composition at source

fHe = 67.3%, fN = 28.1%, fSi = 4.6%
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Model describing ankle and mass composition
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Unger et al., PRD 92 (2015) 123001

Photo-disintegration in region surrounding acceleration site

High-pass filter: high energy nuclei escape, interactions at low energies produce lighter

nuclei with softer spectrum

Injecting silicon with Emax = Z× 1018.5 = 4.6× 1019 eV, γ = −1 one gets ankle and

complex composition evolution
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Model describing ankle and mass composition
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Unger et al., PRD 92 (2015) 123001

Photo-disintegration in region surrounding acceleration site

High-pass filter: high energy nuclei escape, interactions at low energies produce lighter

nuclei with softer spectrum

Injecting silicon with Emax = Z× 1018.5 = 4.6× 1019 eV, γ = −1 one gets ankle and

complex composition evolution

Good description of Auger data
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Observation of large-scale anisotropy for E ≥ 8 EeV
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Science 57 (2017) 1266

Data set, 1/1/2004–31/08/2016

0◦ ≤ θ ≤ 80◦

declination −90◦ ≤ δ ≤ 45◦

85% sky coverage

exposure 76,800 km2 sr year

Rayleigh analysis in right ascension
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Observation of large-scale anisotropy for E ≥ 8 EeV
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Science 57 (2017) 1266
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galactic coordinates, Galactic center is at the origin, measured dipole direction is marked with a cross

Consistency with isotropy for 4 EeV < E < 8 EeV disfavors dominant galactic CR origin

Energies above 8 EeV
Distance of 125◦ in dipole direction vs galactic center: better explained by extragalactic CR origin
NB: for E > 40 EeV no anisotropies found in direction of galactic center or galactic plane [ApJ 804, 15 (2015)]

Comparing to dipole of 2MASS Redshift Survey catalog of galaxies (l, b) = (251◦, 38◦)
galactic magnetic fields change position of 2MRS dipole (as indicated for E/Z = 2 EeV or 5 EeV)

and reduce its amplitude (might explain lower amplitude for 4 EeV < E < 8 EeV)



Correlation with starburst galaxies and γAGNs
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ApJL 853 (2018) L29

Starburst galaxies

Significance 4σ, E > 39 EeV (894 events)

γAGNs

Significance 2.7σ, E > 60 EeV (177 events)

starburst galaxies γAGNs



Particle astronomy for mixed composition?
Backtracking (circles — initial directions) using different models of galactic magnetic fields

M. Unger, G. Farrar, ICRC 2017, UHECR 2018

o+180 o-180

o+90

o-90

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

R = 60 EV

o+180 o-180

o+90

o-90

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n
n

n

n

n

n
n

n

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

oo

o

o

o

o

o

o

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

R = 30 EV

o+180 o-180

o+90

o-90

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

a

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b
b

b

b

b

b

b

b

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

c

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

d

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e

e
e

e

e

e

e

e

e

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f
f

f

f

f

f
f

f

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g

g
g

g

g

g

g

g

g

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

h

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i

i
i

i

i

i

i

i

i

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

j

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

k

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l

l
l

l

l

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m
m

m

m

m

m

m
m

m

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

n

nn

n

n

n

n
n

n

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o oo

o

o

oo
o

o

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

q

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r

r
r

r

r

r

r

r

r

r

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

s

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

R = 20 EV

o+180 o-180

o+90

o-90

a

a
a

a

a

a

a

a

a

a

a

a

a

a

a

a

a aa

a

a

a a

a

a

b

b
b

b

b

b

b

b

b

b

b

b

b

b

b

b

b

b
b

b

b

b b
b

b

c

c

c
c

c

c

c

c

c

c

c

c

c

c

c

c

c cc

c

c

c

cc

c

d

d

d
d

d

d

d

d

d

d

d

d

d

d

d

d

d
d

d

d

d

d

dd

d

e

e

e

e

e

e

e

e

e

e

e

e
e

e

e

e

e
ee

e

e

e

e
e

e

f

f

f
f

f

f

f

f

f

f

f

f

f

f

f

f

f

f
f

f

f

f ff

f

g

g

g

g

g

g

g

g

g

g

g

gg

g

g

g

g

gg

g

g

g

g

g

g

h

h

h
h

h

h

h

h

h

h

h

h

h

h

h

h

h
h

h

h

h

h

h
h

h

i

i

i
i

i

i

i

i

i

i

i

i

i

i

i

i

i
i

i

i

i

i

ii

i

j

j

j
j

j

j

j

j

j

j

j

j

j

j

j

j

j jj

j

j

j

jj

j

k

k

k
k

k

k

k

k

k

k

k

k

k

k

k

k

k
kk

k

k

k

k
k

k

l

l

l
l

l

l

l

l

l

l

l

l

l

l

l

l

l l

l

l

l

l

l

l

l

m

m

m
m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m

m
m

m

m

n

n

n n

n

n

n

n

n

n

n

n
n

n

n

n

n

nn

n

n

n
nn

n

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o

o
o

o

o

o

oo

o

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p

p
pp

p

p

p p

p

p

q

q

q
q

q

q

q

q

q

q

q

q

q

q

q

q

q
q

q

q

q

q

qq

q

r

r

r
r

r

r

r

r

r

r

r

r

r

r

r

r

r
r

r

r

r

r

rr

r

s

s

s
s

s

s

s

s

s

s

s

s

s

s

s

s

s s
s

s

s

s

ss

s

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t t
t

t

t

t

tt

t

R = 10 EV

Figure 2: Backtracking of charged particles at different rigidities from a regular grid of initial directions (dots) through

Select low-Z component (if any)

Correct deflections? Restrict analysis to certain sky regions?
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Next 10 years: AugerPrime upgrade
International agreement for operation of the Auger Observatory until 2025

Main upgrade
plastic scintillator detectors and radio antennas on all water-Cherenkov stations:

to achieve separation of electromagnetic and muonic components

Aims
Composition sensitivity in the flux suppression region

Sensitivity to 10% proton fraction in this region
(important for GZK photon and neutrino fluxes)

Composition enhanced anisotropy studies

Search for new phenomena in hadronic interactions

Additional enhancements

FD: increase duty cycle operating in higher night sky background

Underground muon detectors on area of 23.5 km2

Electronics: sampling rate 120 MHz (currently 40 MHz)
additional small PMTs to increase dynamic range

R. Engel for Auger Collab., ICRC 2015, PoS 686
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Figure 6. Conceptional illustration of an upgraded station of the



backups
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〈Xmax〉 from Auger and Telescope Array
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Average Shower Maximum, 〈Xmax〉
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M. Unger for Auger and Telescope Array Collabs., ICRC 2015, PoS 307



〈Xmax〉: Auger vs different TA measurements
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A. Yushkov for Auger and TA, UHECR 2018

Discrepancy Auger – TA (Black Rock Mesa/Long Ridge) is larger and energy-dependent

TA Middle Drum
[ApP 64 (2015) 49]
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preliminary

average difference: 〈∆〉 = (2.9 ± 2.7 (stat.)± 18 (syst.)) g/cm2

11

John Belz, UHECR 2014; Michael Unger, ICRC 2015

TA Black Rock Mesa/Long Ridge
[ApJ 858 (2018) 76]
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Auger vs TA

45

A. Yushkov for Auger and TA, UHECR 2018

p
relim

in
ary

〈XTA
max〉 < 〈XAuger

max 〉 for almost all energies

agreement within (stat + sys) errors

σ(XTA
max) > σ(XAuger

max ) for lg(E/eV) = 18.6− 19.0

Next: comparison to Auger ICRC (2017) data and energies lg(E/eV) > 19.0
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