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Ultra-High-Energy Cosmic Rays (UHECRs)

14 24. Cosmic rays

relation between Ne and E0 changes. Moreover, because of fluctuations, Ne as a function
of E0 is not correctly obtained by inverting Eq. (24.12). At the maximum of shower
development, there are approximately 2/3 particles per GeV of primary energy.

There are three common types of air shower detectors: shower arrays that study
the shower size Ne and the lateral distribution on the ground, Cherenkov detectors
that detect the Cherenkov radiation emitted by the charged particles of the shower,
and fluorescence detectors that study the nitrogen fluorescence excited by the charged
particles in the shower. The fluorescence light is emitted isotropically so the showers can
be observed from the side. Detailed simulations and cross-calibrations between different
types of detectors are necessary to establish the primary energy spectrum from air-shower
experiments.

Figure 24.8 shows the “all-particle” spectrum. The differential energy spectrum has
been multiplied by E2.6 in order to display the features of the steep spectrum that are
otherwise difficult to discern. The steepening that occurs between 1015 and 1016 eV is
known as the knee of the spectrum. The feature around 1018.5 eV is called the ankle of
the spectrum.
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Figure 24.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [79–90,100–104]. Color version at end of book.

Measurements of flux with small air shower experiments in the knee region differ by
as much as a factor of two, indicative of systematic uncertainties in interpretation of the
data. (For a review see Ref. 78.) In establishing the spectrum shown in Fig. 24.8, efforts
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UHECR Working Groups

Spectrum (TA+Auger)
Anisotropy (TA+Auger)
Composition (TA+Auger)
Hadronic Interactions (IC+TA+Auger)
Multi-Messenger (IC+Auger+TA)
Anisotropy (IC+PAO+TA)

UHECR Symposium 2010, Nagoya
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Air Shower Detection in the Hybrid Era
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Air Shower Detection in the Hybrid Era
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UHE Energy Spectrum
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UHE Energy Spectrum
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UHE Energy Spectrum
Normalizing the energy spectra (constant energy shift)
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Primary Mass and Longitudinal Shower Profiles
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Primary Mass and Longitudinal Shower Profiles
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Average Shower Maximum
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Average Shower Maximum
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Average Shower Maximum
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Xmax Distributions
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Composition Fit (Xmax distribution)

proton, helium, nitrogen, iron
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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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FIG. 6: Xmax distribution of the fits for energy bin E = 1019.0�19.1 eV. See caption to Fig. 5.

markable agreement in their predictions of the protons and iron nuclei contributions despite

large di↵erences in the remaining composition. This can be seen in the right column of

Fig. 5. All three models give acceptable fit qualities with consistent fractions of protons,

but with distinctly di↵erent predictions for the remaining composition; results of EPOS-LHC

simulations favor a mixture dominated by nitrogen nuclei, while QGSJET II-4 simulation

favor helium nuclei, whereas Sibyll 2.1 modeling leads to a mixture of the two.

A substantial change in the proton fractions is observed across the entire energy range,

which rises to over 60% around the ankle region (⇠ 1018.2 eV) and subsequently dropping

to near-zero just above 1019 eV with a possible resurgence at higher energies. If the ankle

feature is interpreted as a transition from Galactic to extragalactic cosmic rays [14], the
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FIG. 7: Xmax distribution of the fits for energy bin E > 1019.5 eV. See caption to Fig. 5.

proton fraction in this energy range is surprisingly large as the upper limits on the large-scale

anisotropy [15] suggests that protons with energies below 1018.5 eV are most likely produced

by extragalactic sources. In order to accommodate a proton-dominated scenario for energies

above 1018 eV [16], the hadronic interaction models would need to be modified considerably.

The transition to heavier cosmic rays with increasing energy is reminiscent of a Peters

cycle [17], where the maximum acceleration energy of a species is proportional to its charge

Z. However further analysis that takes into account the energy spectrum and propagation

of UHECRs through the universe would be required to confirm this. Composition-sensitive

data above 1019.5 eV will be needed to allow a reliable interpretation of the observed changes

of composition in terms of astrophysical models (see e.g. Refs. [18, 19]).

19

Pierre Auger Collaboration, PRD 90 (2014) 12, 122006
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Composition Fit (Xmax distribution)
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Hadronic Interactions

σ(p + air) at 1.7 EeV:

σ(p + p) at
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Hadronic Interactions

muon number:
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The UHECR Sky above 10 EeV
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The UHECR Sky above 10 EeV
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Searches for a Localized Excess of UHECRs
Auger:

r = 1◦ − 30◦, ∆r = 1◦

E = 40− 80 EeV, ∆E = 1 EeV

r = 12◦, E = 54 EeV

nobs/nexp = 14/3.23

pre-trial: 4.3σ

post-trial: P = 69%

TA:

r = 15◦ − 35◦, ∆r = 5◦

E = 57 EeV

r = 20◦, E = 57 EeV

nobs/nexp = 23/5.49

pre-trial: 5.55σ

post-trial: 4σ

Auger Coll., APJ 804 (2015) 1, 15; TA Coll., APJ 790 (2014) L21, 6-year update at UHECR14.
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Summary Observations, E > 1019 eV
Spectrum

flux suppression at E ' 5× 1019 eV
UHE shape different in Northern and Southern
hemisphere? (cosmic variance?)

Composition
good agreement of Auger and TA Xmax data
mixed composition (model dependent!), but poor statistics
above 3× 1019 eV

Arrival directions
Ethr = 10 EeV: CR sky isotropic
no significant signal from catalog-based searches
’hot spot’ in Northern hemisphere, Ethr = 57 EeV, 4σ
’warm spot’ around CenA, Ethr = 57 EeV, P = 1.4%
(a posteriori)

Hadronic Interactions
particle deficit at ground level

+photon limits, neutrino limits, muon production depth, ...
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Origin of Ankle and Flux Suppression?
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see also L. Anchordoqui talk this afternoon! 20/27



Upgrade of the Pierre Auger Observatory

origin of flux suppression?
proton fraction at UHE?
hadronic physics above

√
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Upgrade of the Pierre Auger Observatory

additional scintillators (4 m2)

→ event-by-event mass estimate
with 100% duty cycle

Xmax determination:
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Upgrade of the Pierre Auger Observatory

low-Z particle astronomy

no mass determination:
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Upgrade of the Pierre Auger Observatory

low-Z particle astronomy

no mass determination:
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TAx4

H. Sagawa for TA, UHECR14.

quadruple acceptance:
500 add. SDs
2.1 km spacing
2 add. FD stations
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TAx4

H.

Sagawa for TA, UHECR14. 26/27



Outlook
TA & Auger Upgrades:

I study nature of flux suppression
I prospects for particle astronomy
I R&D for Next Generation Observatory

fluorescence detection from space

I KLYPVE, Mini-EUSO (K-EUSO), EUSO
radio detection of air showers

I ground-based hybrid detectors (radio&surface)
I high-altitude antennas (see talk A. Vieregg)

LHC restart

I
√

s = 14 TeV (ECR = 1017 eV), p+O collisions?
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