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Most important research goals

2

- Identification of sources and/or source regions 
- Determination of acceleration (or other) mechanism to produce particles of extreme energies 
- Study of astrophysics of source objects/regions 
- Investigation of cosmic ray propagation 
- Multi-messenger studies (neutrinos, gamma-rays) 

- Input for prediction of secondary particle fluxes 

- Measurement of or placing limits on magnetic fields 
- in clusters and filaments

- in intergalactic regions and voids

- in our Galaxy


- Study of fundamental physics under extreme conditions such as space-time structure (LIV)  
- Study of shower physics and hadronic interactions at extreme energies 
- Multi-purpose applications: atmospheric physics, geophysics 
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Importance of random component

Protons, E ≥ 56 Eev, 0 / 100% random field
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Figure 8:

Schematic representation of magnetized regions intervening in UHECR propagation. Their

approximative characteristic length scales are indicated in grey.

flux of secondary particles (pioneered by Berezinsky & Gazizov 1993). Numerical Monte-

Carlo methods are best suited to model inhomogeneous distribution of sources, calculate

secondary emissions, and treat the complex processes intervening in the propagation of

nuclei in the intergalactic medium. Among the existing propagation codes that have been

developed for this purpose, one might refer to the public code CRPropa (Armengaud et al.

2007) and to the complete nuclei propagation tool by Allard et al. (2006).

The calculated spectra are in very good agreement with the observed spectra for a variety

of chemical compositions, Galactic to extragalactic transition models, source evolution his-

tories, and injection spectrum indices between 1.6� 2.7, for a fixed maximum acceleration

energy, Emax (see, e.g., Figure 2). Kachelriess & Semikoz (2006) demonstrate that relaxing

the assumption of a single maximum acceleration energy and introducing a power-law dis-

tribution of Emax leads to a change in the overall propagated spectrum slope. A key region

for models to fit is the ankle around a few EeV where the spectral slope changes (see Section

4). The precise shape of the GZK feature depends on the local source density and on the

transient or continuously emitting natures of the sources (see, e.g., Aloisio & Boncioli 2010;

Berezinsky et al. 2006; Blasi et al. 1999; Medina Tanco 1998; Miralda-Escudé & Waxman

1996). For instance, if Emax � 100 EeV a recovery of the spectrum at high energies can be

observed by future detectors.

3.2 The e↵ects of Magnetic fields

The absence of powerful astrophysical counterparts in the arrival directions of UHECRs

is probably related to the e↵ect of cosmic magnetic fields that deflect and delay particles

during their propagation. Charged particles are subject to the influence of magnetic fields

14 Kotera & Olinto

!"#$%&!'%()*%! %+,+-%./%0.&#.123!"4%3"%56#61231%765".231%&3.#04%8.1!7.%

#.44%296"%6%&.:%0.5'..4%6"0%;<%642'!"!7$%1!=#0%8.1!7.%&.6438#.

6"5=#6'%'.4!#=23!"%!&%>=5.'%&!'%.?."24%:329%@A%42623!"4B%8.22.'%296"%,C-!%

6"0%8.22.'%296"%,CA!%68!?.%D,%(./%

E4%;!4731%<6$%642'!"!7$%F!4438#.G

"#!
! "

!$#

$

%&'

"%#$
#%
()

* &+

Deflection in Galactic and

extragalactic mag. fields

Anisotropy in arrival direction distribution on

small, intermediate and large scales

Multi-messenger signals (gamma-rays and neutrinos)

B ⇠ 10�6 G B  10�9 G
(Kotera & Olinto, ARAA 2011)

(Unger, 2010)

Protons

Source identification of UHECRs



Rigidity dependence

E ≥ 56 Eev, 100% random field
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Schematic representation of magnetized regions intervening in UHECR propagation. Their

approximative characteristic length scales are indicated in grey.

flux of secondary particles (pioneered by Berezinsky & Gazizov 1993). Numerical Monte-

Carlo methods are best suited to model inhomogeneous distribution of sources, calculate

secondary emissions, and treat the complex processes intervening in the propagation of

nuclei in the intergalactic medium. Among the existing propagation codes that have been

developed for this purpose, one might refer to the public code CRPropa (Armengaud et al.

2007) and to the complete nuclei propagation tool by Allard et al. (2006).

The calculated spectra are in very good agreement with the observed spectra for a variety

of chemical compositions, Galactic to extragalactic transition models, source evolution his-

tories, and injection spectrum indices between 1.6� 2.7, for a fixed maximum acceleration

energy, Emax (see, e.g., Figure 2). Kachelriess & Semikoz (2006) demonstrate that relaxing

the assumption of a single maximum acceleration energy and introducing a power-law dis-

tribution of Emax leads to a change in the overall propagated spectrum slope. A key region

for models to fit is the ankle around a few EeV where the spectral slope changes (see Section

4). The precise shape of the GZK feature depends on the local source density and on the

transient or continuously emitting natures of the sources (see, e.g., Aloisio & Boncioli 2010;

Berezinsky et al. 2006; Blasi et al. 1999; Medina Tanco 1998; Miralda-Escudé & Waxman

1996). For instance, if Emax � 100 EeV a recovery of the spectrum at high energies can be

observed by future detectors.

3.2 The e↵ects of Magnetic fields

The absence of powerful astrophysical counterparts in the arrival directions of UHECRs

is probably related to the e↵ect of cosmic magnetic fields that deflect and delay particles

during their propagation. Charged particles are subject to the influence of magnetic fields

14 Kotera & Olinto
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Typical propagation distances and secondaries
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Complementarity of UHE cosmic rays and neutrinos
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PTEP 2017, 12A105 M. Ahlers and F. Halzen

Fig. 6. Mollweide projection in Galactic coordinates of the arrival direction of neutrino events. We show the
results of the six-year upgoing track analysis [6] with energy proxy MuEx > 50 (!). The red numbers show the
most probable neutrino energy (in TeV) assuming the best-fit astrophysical flux of the analysis [6]. The events
of the four-year high-energy starting event (HESE) analysis with deposited energy (green numbers) larger
than 60 TeV (tracks ⊗ and cascades ⊕) are also shown [5,24]. Cascade events (⊕) are indicated together with
their median angular uncertainty (thin circles). One event (*) appears in both event samples. The gray-shaded
region indicates the zenith angle range where Earth absorption of 100 TeV neutrinos is larger than 90%. The
star symbol (!) indicates the Galactic Center and the thin curved solid black line indicates the horizon.

energy suggests an excess of events in the 30–100 TeV energy range over and above a single power-
law fit. This conclusion is supported by a subsequent analysis that has lowered the threshold of the
starting-event analysis [19]. The astrophysical flux measured by IceCube is not featureless; either the
spectrum of cosmic accelerators cannot be described by a single power law or a second component
of cosmic neutrino sources emerges in the spectrum. The events are isolated neutrinos, and it is
therefore very difficult to accommodate them as a feature in the atmospheric background, of charm
origin or not [20]. The excess is already hinted at in the data shown in Fig. 1 and, in the context of
that discussion, the energy associated with the photons that accompany the neutrino “excess” is not
seen in the Fermi data [4]. This might indicate that the neutrinos originate in hidden sources [21] or
in sources with a very strong cosmological evolution resulting in a shift of the photons to sub-GeV
energies [22].

In Fig. 6 we show the arrival directions of the most energetic events of the six-year upgoing
νµ + ν̄µ analysis (!) and the four-year HESE analysis, separated into tracks (⊗) and cascades (⊕).
The median angular resolution of the cascade events is indicated by thin circles around the best-fit
position. The apparent anisotropy of the arrival directions is dominated by the effective area of the
analysis. The most energetic muons with energy Eµ > 200 TeV in the upgoing νµ + ν̄µ analysis
accumulate just below the horizon in the Northern Hemisphere due to Earth absorption. The HESE
events with deposited energy of Edep > 100 TeV also suffer from Earth absorption, but can also be
visible in the Southern Hemisphere. Various analyses of the IceCube event distribution could not
reveal a strong anisotropy from extended emission regions, which could indicate, e.g., a contribution
from Galactic sources along the Galactic plane [23,24]. In fact, no correlation of the arrival directions

7/20
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PTEP 2017, 12A105 M. Ahlers and F. Halzen

Fig. 9. Mollweide projection of the arrival direction of neutrinos and UHE CRs. The neutrino sample is
identical to the one shown in Fig. 6. We show events from Auger [123] above 54 EeV (×) and from Telescope
Array [124] above 57 EeV (+). The background shows the anisotropy of the combined UHE CR map derived
with the method described in the main text and smoothed with with θ50% = 20◦. We highlight the excess regions
found by Auger (sampling radius of 15◦; post-trial p-value of 1.4×10−2) and Telescope Array (sampling radius
of 20◦; post-trial p-value of 3.7 × 10−4).

Auger [123] in the direction of CentaurusA (sampling radius of 15◦; post-trial p-value of 1.4×10−2),
respectively. These are indicated as dashed circles of different sizes.

Figure 9 also shows the same neutrino event candidates that were shown in Fig. 6. It is apparent
that there is no noticeable clustering of high-energy neutrino events in the direction of these hot
spots. Indeed, a dedicated analysis [125] by Telescope Array, Auger, and IceCube did not identify
significant cross-correlation of neutrino and UHE CR events (below 3.3 σ ). However, this does not
necessarily rule out the possibility that the events emerge from the same sources. Neutrino events
can be observed from all UHE CR sources up to the Hubble horizon c/H0 $ 4.4 Gpc. On the other
hand, UHE CRs above the energy shown in Fig. 9 have to emerge from local sources up to 200 Mpc.
Therefore, we can estimate that only a fraction of 200 Mpc/4.4 Gpc $ 5% of astrophysical neutrinos
should correlate with UHE CRs. The total number of neutrino events shown in Fig. 9 is only 45, so
maybe two events are expected to correlate with the anisotropy structure suggested by UHE CRs.

9. Conclusions
IceCube has discovered a flux of extragalactic cosmic neutrinos with an energy density that matches
that of extragalactic high-energy photons and ultra-high-energy cosmic rays. This may suggest that
neutrinos and high-energy cosmic rays share a common origin. They may originate in calorimetric
environments like starburst galaxies or galaxy clusters hosting the cosmic ray accelerators. Identi-
fication of the sources by observation of multiple neutrino events from these sources with IceCube
will be challenging. However, the possibility exists for revealing the sources by the comprehensive
IceCube multimessenger program.
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Baseline procedure to make progress
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- Flux of particles 
- Mass composition 
- Arrival direction distribution 
- Secondary particles and multi-messenger observations 
- Air shower measurements 

- Atmospheric phenomena and geophysics

Theory 
Model predictions

Phenomenological studies 
Theory/models vs. data 

Combination of different data sets

External input from 
astro and particle physics



The Pierre Auger Observatory
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4 fluorescence detectors 
(24 telescopes in total)

 Infill array of 750 m

(63 stations, 23.4 km2)

AERA - Auger Engineering Radio Array

World’s largest radio experiment for
CR-physics.

Profiting from 3 other nearby CR-detectors:
(! high quality data, ext. trigger, ...).

100% duty cycle.

Energy threshold ⇠ 1017 eV.

2/16

1665 surface detectors: 
water-Cherenkov tanks 

(grid of 1.5 km, 3000 km2)

Radio antenna array

(153 antennas, 17 km2)

  More than 400 members, 
  98 institutes, 17 countries 

High elevation telescopes

LIDARs and laser facilities

Pierre Auger Observatory

Province Mendoza, Argentina

Southern hemisphere: Malargue, 
Province Mendoza, Argentina

Water-Cherenkov

detectors



Pierre Auger Observatory and Telescope Array
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Pierre Auger Observatory

Province Mendoza, Argentina 

1660 detector stations, 3000 km2

27 fluorescence telescopes

Telescope Array (TA)

Delta, UT, USA

507 detector stations, 680 km2

36 fluorescence telescopes


Fig. 2. The exposure of the Pierre Auger and Telescope Array experiments as a function of declination. The
vertical and inclined spectra of Auger, and the total exposure are shown, as are the TA exposures for zenith
angle limits of 45◦ and 55◦.

energy spectra even by observing the same region of the sky1.
Hereafter, we design an alternative way to measure the spectrum, so as to obtain an estimate in-

sensitive to the shape of the directional exposure of a given experiment. In this way, the energy spectra
measured in the same region of the sky should be compatible within the uncertainties, irrespective
of the anisotropies that might be imprinted upon the flux of cosmic rays – especially at the highest
energies. The starting point is to consider that anywhere the function ω(n) is non-zero, the differential
flux can be locally estimated as

J(n, E) =
1

ω(n)

d2N

dn dE
. (2)

Then, an alternative way to recover the energy spectrum, denoted as J1/ω, is to consider the differential
flux averaged over the observed region ∆Ω of the sky:

J1/ω(E) ≡ 〈J(n, E)〉∆Ω =
1

∆Ω

∫

∆Ω

dn

ω(n)

d2N

dn dE
. (3)

In this way, the energy spectrum J1/ω(E) is now an observable quantity that should be the same for
any experiment with non-zero f.o.v. in the region ∆Ω of the sky. In practice, with N events with
energies between E and E + ∆E, it can be estimated as

J1/ω(E) =
1

∆Ω∆E

N
∑

i=1

1

ω(ni)
, (4)

with, assuming Poisson statistics, uncertainties scaling to first order2 as

∆J1/ω(E) =
1

∆Ω∆E

√

N

ε

∫

dn

ω(n)
. (5)

1Note that an experiment with a uniform full-sky coverage would obviously not be affected by this effect, given that
∫

dn Janis = 0 by construction.
2This estimation of the uncertainties is obtained neglecting the effect of Janis.
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Together full sky coverage,

but exposures 1:8 – 1:6

Auger 
35.3 S, 69.3 W  

Telescope Array 
39.3 N ,112.9 W 

Auger (ϑ: 0-80˚)+ TA (ϑ: 0-55˚) 
= 

FULL SKY COVERAGE

Directional exposure

Smart relative location too
UHECR Datasets
Pierre Auger Observatory  (updated)

- 324 events above 52 EeV recorded from 
01/01/2004 to 30/04/2017 with zenith < 80°

- +90 events with respect to ICRC 2017
- Angular resolution ~0.9°

Telescope Array  (updated)

- 143 events above 57 EeV recorded from 
11/05/2008 to 01/05/2017 with zenith < 55°

- +34 events with respect to ICRC 2017
- Angular resolution ~1.5°

5

467 events with full sky coverage

“common” sky:
-15˚ : +45˚
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Auger
TA

Overlap region can be used for 
cross-checks and cross-calibration

TAx4



1. Energy spectrum – Auger results
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Combined energy spectrum
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Exposure

[km2 sr yr] Events

SD1500 (ϑ<600) 60426 215030
SD1500 (ϑ>600) 17447 24209
SD750 105.4 569285
Hybrids 2248 (1019 eV) 13655
Cherenkov 286 (1017 eV) 69793

Stat. uncertainty very small 
Sys. uncertainty dominating



Comparison of energy spectra of Auger and TA
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Lessons from the common declination band

•  Better agreement than whole f.o.v. spectra 
for the suppression energy 

•  Still, constant rescaling of  energies 
insufficient to get satisfactory agreement 

•  Non-linearity of  ~+(-)10%/decade on top 
of  a +(-)5.2% global rescaling

[D. Ivanov et al., Proc. of  ICRC 2017]

9

DE/E = 14%

DE/E = 21%

Auger

TA

(Auger-TA Spectrum Working Group ICRC 2019 
& TA, arXiv:1801.07820)

Smaller but systematic differences

Spectrum in common declination band

Searches for declination dependences in TA and Auger
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TA, different declinations
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Declination dependence in range accessible by Auger

13horizon and zenith at the observatory site to define the local
zenithal and azimuth angles ðθ;φÞ. Alternatively, we can
make use of the fixed equatorial coordinates, right ascen-
sion and declination ðα; δÞ, aligned with the equator and
poles of the Earth, for the same purpose. The wide range of
declinations covered by using events with zenith angles up
to 60°, from δ ¼ −90° to δ ≃þ24.8° (covering 71% of the
sky), allows a search for dependencies of the energy
spectrum on declination. We present below the determi-
nation of the energy spectrum in three declination bands
and discuss the results.
For each declination band under consideration, labelled

as k, the energy spectrum is estimated as

Jik ¼
Nikcik
EkΔEi

; ð10Þ

where Nik and cik stand for the number of events and the
correction factors in the energy bin ΔEi and in the
declination band considered k, and Ek is the exposure
restricted to the declination band k. For this study, the
observed part of the sky is divided into declination bands
with equal exposure, Ek ¼ E=3. The correction factors are
inferred from a forward-folding procedure identical to
that described in Sec. IV, except that the response matrix
is adapted to each declination band (for details see
Appendix C).
The intervals in declination that guarantee that the

exposure of the bands are each E=3 are determined by
integrating the directional exposure function, ωðδÞ, derived
in Appendix E, over the declination so as to satisfy

R δk
δk−1

dδ cos δωðδÞ
R δ3
δ0
dδ cos δωðδÞ

¼ 1

3
; ð11Þ

where δ0 ¼ −π=2 and δ3 ¼ þ24.8°. Numerically, it is
found that δ1 ¼ −42.5° and δ2 ¼ −17.3°.
The resulting spectra (scaled by E3) are shown in the left

panel of Fig. 13. For reference, the best fit of the spectrum
obtained in section IV B is shown as the black line. No
strong dependence of the fluxes on declination is observed.
To examine small differences, a ratio plot is shown in the

right panel by taking the energy spectrum observed in the
whole field of view as the reference. A weighted-average
over wider energy bins is performed to avoid large
statistical fluctuations preventing an accurate visual appre-
ciation. For each energy, the data points are observed to be
in statistical agreement with each other. Note that the same
conclusions hold when analyzing data in terms of integral
intensities, as evidenced for instance in Table IV above
8 × 1018 eV. Similar statistical agreements are found above
other energy thresholds. Hence this analysis provides no
evidence for a strong declination dependence of the energy
spectrum.
A 4.6% first-harmonic variation in the flux in right

ascension has been observed in the energy bins above
8 × 1018 eV shown in the right panel of Fig. 13 [47]. It is
thus worth relating the data points reported here to these
measurements that are interpreted as dipole anisotropies.
The technical details to establish these relationships are
given in Appendix E.

TABLE IV. Integral intensity above 8 × 1018 eV in the three
declination bands considered.

Declination band Integral intensity [km−2 yr−1 sr−1]
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horizon and zenith at the observatory site to define the local
zenithal and azimuth angles ðθ;φÞ. Alternatively, we can
make use of the fixed equatorial coordinates, right ascen-
sion and declination ðα; δÞ, aligned with the equator and
poles of the Earth, for the same purpose. The wide range of
declinations covered by using events with zenith angles up
to 60°, from δ ¼ −90° to δ ≃þ24.8° (covering 71% of the
sky), allows a search for dependencies of the energy
spectrum on declination. We present below the determi-
nation of the energy spectrum in three declination bands
and discuss the results.
For each declination band under consideration, labelled

as k, the energy spectrum is estimated as

Jik ¼
Nikcik
EkΔEi

; ð10Þ

where Nik and cik stand for the number of events and the
correction factors in the energy bin ΔEi and in the
declination band considered k, and Ek is the exposure
restricted to the declination band k. For this study, the
observed part of the sky is divided into declination bands
with equal exposure, Ek ¼ E=3. The correction factors are
inferred from a forward-folding procedure identical to
that described in Sec. IV, except that the response matrix
is adapted to each declination band (for details see
Appendix C).
The intervals in declination that guarantee that the

exposure of the bands are each E=3 are determined by
integrating the directional exposure function, ωðδÞ, derived
in Appendix E, over the declination so as to satisfy

R δk
δk−1

dδ cos δωðδÞ
R δ3
δ0
dδ cos δωðδÞ

¼ 1

3
; ð11Þ

where δ0 ¼ −π=2 and δ3 ¼ þ24.8°. Numerically, it is
found that δ1 ¼ −42.5° and δ2 ¼ −17.3°.
The resulting spectra (scaled by E3) are shown in the left

panel of Fig. 13. For reference, the best fit of the spectrum
obtained in section IV B is shown as the black line. No
strong dependence of the fluxes on declination is observed.
To examine small differences, a ratio plot is shown in the

right panel by taking the energy spectrum observed in the
whole field of view as the reference. A weighted-average
over wider energy bins is performed to avoid large
statistical fluctuations preventing an accurate visual appre-
ciation. For each energy, the data points are observed to be
in statistical agreement with each other. Note that the same
conclusions hold when analyzing data in terms of integral
intensities, as evidenced for instance in Table IV above
8 × 1018 eV. Similar statistical agreements are found above
other energy thresholds. Hence this analysis provides no
evidence for a strong declination dependence of the energy
spectrum.
A 4.6% first-harmonic variation in the flux in right

ascension has been observed in the energy bins above
8 × 1018 eV shown in the right panel of Fig. 13 [47]. It is
thus worth relating the data points reported here to these
measurements that are interpreted as dipole anisotropies.
The technical details to establish these relationships are
given in Appendix E.
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(Auger, Phys. Rev. Lett. 125 (2020) 121106 & Phys. Rev. D. 102 (2020) 062005)

Declination dependence also seen in Auger data, but much smaller 
Imprint of differences of local source distribution?

Lines: expectation according to dipole



2. Mass composition – Auger fluorescence data
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Xmax moments: data vs simulations

5

Above E0⇡ 2 EeV both Xmax moments are becoming compatible to MC predictions for heavier nuclei

(Auger ICRC 2019)



Change of model predictions thanks to LHC data
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DXmax =�10g/cm2 +8g/cm2

DXmax =±20g/cm2
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(Pierog, ICRC 2017)

(see also discussion Lipari, Phys.Rev.D 103 (2021) 103009)



Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

The most reliable technique to measure the mass composition of UHECRs is the simultaneous
measurement of the depth, Xmax, at which the number of particles in an air shower reaches its maximum
and the energy, E, of the shower. These quantities can be directly observed with non-imaging Cherenkov
detectors, radio arrays, and fluorescence telescopes. As of today, only fluorescence detectors have reached
enough exposure to measure Xmax at ultrahigh energies. After pioneering measurements from Fly’s Eye [48]
and HiRes [49], the fluorescence technique is currently employed by the Pierre Auger Observatory [50]
and the Telescope Array [51]. Traditional particle detector arrays are in principle also capable to estimate
the energy and mass of cosmic rays, e.g., by measuring separately the number of muons and electrons at
ground level, but usually with a worse resolution and, more importantly, larger theoretical uncertainties
from hadronic interactions during the air shower development. The latter source of uncertainty can be
eliminated by cross-calibrating the measurements with the Xmax and energy of a subset of so-called hybrid
events (air showers observed simultaneously with both, fluorescence and surface detectors).
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Figure 5. Composition fractions arriving at Earth derived from fitting templates of four mass groups to
the Xmax distribution measured with the fluorescence detectors of the Pierre Auger Observatory (adapted
from [39]). Error bars denote statistical uncertainties and lines were added to guide the eye. The two
interpretations of the data with EPOS-LHC and Sibyll2.3 are shown as closed and open symbols with solid
and dashed lines styles respectively. The QGSJetII-04 interpretation from [39] is not shown, since it does
not give a good description of the Xmax distributions over a wide range in energy (see also discussion in
[52]). As of today, no composition fractions are available around and above 1020 eV. M. Unger for this
review.

The current data on the average shower maximum, hXmaxi, as a function of energy from fluorescence [39,
40, 53] and surface detectors [38] is shown in the left panel of Figure 4. The event-by-event fluctuations of
the shower maximum, �(Xmax), are displayed on the right panel of Figure 4. Only the measurements with
fluorescence detectors have enough resolution to determine the intrinsic (as opposed to detector-related)
standard deviation of shower fluctuations. For comparison, the predictions of hXmaxi of proton- and
iron-initiated air showers simulations using hadronic interaction models [45–47] tuned to LHC data are
shown as red and blue lines.

These measurements of the first two moments (mean and standard deviation) of the Xmax distribution
suggest that the composition of cosmic rays becomes lighter as the energy increases towards the ankle (until
around 1018.3 eV) and then becomes heavier again when approaching ultrahigh energies. The data points
from the surface detector of Auger might indicate a flattening of this trend at ultrahigh energies, but more
statistics are needed to confirm this finding. Note that, whereas hXmaxi scales linearly with the average

Frontiers 7

Mass composition – data analysis
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Evolution of (Xmax)SD
 as a function of energy

Preponderance of intermediate/heavy nuclei as energy increases

2014 analysis

Not u
pdate

d

For E>30 EeV,
1050 events SD
  128 events FD

(Auger ICRC 2019)

Surface detector data: 
only average composition

Surprising pattern of changes in mass composition

(MIAPP review, 
Front. Astron. Space Sci. 2019)



Comparison of Xmax data of Auger and TA

17

Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.
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(Auger-TA Xmax Working Group, UHECR 2018)
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A=2-4

A=5-22

A=23-38

A=1

A>38

(Auger ICRC 2019)
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(b) Composition at Earth

FIG. 2: Spectrum and composition at Earth. Dots are data from the Pierre Auger Observatory [10, 32], error bars denote
the statistical uncertainties and the shaded boxes in the red figure illustrate the experimental systematic uncertainties of the
composition. The composition estimates are based on an interpretation of air shower data with Epos-LHC. The lines denote
the predictions of our model.

source parameters
power law index of injected nuclei � fix -1
mass number of injected nuclei A1 free 28
maximum energy Ep

max free 1018.5 eV
cosmic ray power density, E ° 1017.5 eV

.
✏17.5 free 8.2 ˆ1044 erg

Mpc3 yr

evolution ⇠pzptqq fix star formation rate [37]

source environment
energy of maximum of photon field density "0 fix 50 meV
power law index of photon spectrum (" † "0) ↵ fix ` 5

2
power law index of photon spectrum (" • "0) � fix ´2
power law of escape length � fix ´1
ratio of interaction and escape time RFe

19 free 275

propagation to Earth
infra-red photon background – fix Kneiske04 [36]

spectrum of Galactic cosmic rays
power law index at Earth �gal free -4.2
mass number of Galactic nuclei Agal fix 56
flux fraction at 1017.5 eV fgal free 56%

TABLE I: Parameters of the fiducial model.

from Kaskade-Grande [38].

The resulting fit is shown in comparison to data in
Fig. 2. There is a good overall agreement between the
model and the data. The shape of the spectrum is de-
scribed well, including the ankle and the flux suppres-
sion. The model also qualitatively reproduces the in-
crease of the average logarithmic mass with energy and

the decrease of its variance. Normalizing this model to
the observed flux at Earth, we infer a comoving energy
injection rate in CRs at z “ 0 and above 1017.5 eV of
.
✏17.5 “ 8.2 ˆ 1044 erg

Mpc3 yr .

The neutrino signals of our model are shown in Fig. 3.
Details of the calculation are given in Appendix C. The
predicted anti-neutrino flux from neutron �-decay agrees

Physics in source region


(Aloisio et al. 2014, 
Taylor et al. 2015, 
Globus et al. 2015, 
Unger et al. 2015, 
Fang & Murase 2017)
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Figure 5. Spectrum (upper panel) and composition ob-
servables (lower panels) corresponding to the best fit to the
Auger 2017 data, for the baseline model combination Talys
and Sibyll 2.3. The corresponding injection at the source
is found in Fig. 6.

Figure 6. Injection spectra for the five injected elements
corresponding to the best fit for the 3D parameter scan in
Fig. 5 (� = �0.8, Rmax = 1.6·109 GV, m = 4.2). The shaded
regions indicate the 1� uncertainties to the normalization of
each injection corresponding to the fit (for �, Rmax,m fixed).
While the best fit proton fraction is 0, there can be a signif-
icant proton contribution within the uncertainty.

constrained for Epos-LHC than for Sibyll 2.3 again
decreasing the impact of photo-disintegration (this is not
directly evident from Fig. 7).

The �2
min/dof is slightly worse when using Epos-LHC

(⇡ 2.0) compared to Sibyll 2.3 (⇡ 1.4), mainly because
the fit to the hXmaxi is worse. It is however not strong
enough to discriminate between these models, as the
di↵erence can be somewhat alleviated by allowing for
shifts in Xmax within the systematic uncertainties. We
did not include a proper treatment of these systematics.
Our results also show the limitations of what can be

inferred from UHECR data alone. While the assump-
tion of a generic rigidity-dependent source candidate de-
scribes the data su�ciently well, a strong degeneracy in
the parameter space remains. Extending the range of
the fit to lower energies could break this degeneracy,
but would require assumptions about the extragalactic
magnetic field and the transition to a (possibly) Galactic
component below the ankle, which means that it would
add more degrees of freedom to the model.
With new data from future experiments the situa-

tion is expected to improve. For example, with bet-
ter information on the UHECR composition from the
AugerPrime upgrade, the parameter space will likely be
more constrained. A significant improvement of photo-
disintegration and air-shower models would be needed
as well; otherwise the ambiguity of the interpretation
among di↵erent models will remain as indicated by our
results.

5.3. Injected composition

An interesting and reoccurring question is the range of
mass compositions permitted by Auger data. While the
composition at observation is fixed (within the uncer-
tainty of air-shower models and data), it can have sig-
nificantly di↵erent interpretations in terms of the com-
position ejected from the source. Within the limitations
of our model, we illustrate the ranges of the injected
fractions I

9
A within the 3� contours of our fit in Fig. 8

as a function of the source evolution. The figure shows
the baseline case Talys - Sibyll 2.3 as well as two ad-
ditional panels changing the air-shower model to Epos-
LHC and the disintegration model to PSB, respectively.
Comparing the fraction ranges for Sibyll 2.3 (Fig. 8,

left) with respect to Epos-LHC (Fig. 8, center) the
most striking di↵erence is in the silicon fraction, which is
significantly higher for Sibyll 2.3, while in turn the ni-
trogen fraction is higher for Epos-LHC. This is mainly
due to the heavier hlnAi predicted by Sibyll 2.3. A
significant proton fraction is only found in the case of
Epos-LHC, owing to the slightly lower rigidity found for
that model. In both cases the nitrogen fraction increases
at the cost of the helium fraction with higher source
evolution. The higher disintegration for distant sources

(Heinze et al. ApJ 873 (2019) 88)

Inflection point natural feature in 
models with scanning composition
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3. Arrival direction distribution
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Arrival Directions of UHECRs

Cosmic-ray Sky above 1019 eV:
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Large-scale anisotropy (Auger data)
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

wi cos ai

ba ¼ 2
N

XN

i¼1

wi sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
wi. The weights, wi , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Large-scale anisotropy (Auger data)
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Figure 6. Comparison of the dipole amplitude as a function of energy with predictions from models (Harari et al. 2015) with

mixed composition and a source density ⇢ = 10
�4

Mpc
�3

. Cosmic rays are propagated in an isotropic turbulent extragalactic

magnetic field with rms amplitude of 1 nG and a Kolmogorov spectrum with coherence length equal to 1 Mpc (with the results

having only mild dependence on the magnetic-field strength adopted). The gray line indicates the mean value for simulations

with uniformly distributed sources, while the blue one shows the mean value for realizations with sources distributed as the

galaxies in the 2MRS catalog. The bands represent the dispersion for di↵erent realizations of the source distribution. The steps

observed reflect the rigidity cuto↵ of the di↵erent mass components.

Regarding the possible origin of the dipolar CR anisotropy, we note that the relative motion of the observer with
respect to the rest frame of cosmic rays is expected to give rise to a dipolar modulation of the flux, known as the
Compton–Getting e↵ect (Compton & Getting 1935). For particles with a power-law energy spectrum d�/dE / E�� ,
the resulting dipolar amplitude is dCG = (v/c)(� + 2), with v/c the velocity of the observer normalized to the speed
of light. In particular, if the rest frame of the cosmic rays were the same as that of the cosmic microwave background,
the dipole amplitude would be dCG ' 0.006 (Kachelriess & Serpico 2006), an order of magnitude smaller than the
observed dipole above 8 EeV. Thus, the Compton–Getting e↵ect is predicted to give only a sub-dominant contribution
to the dipole measured for energies above 8 EeV.
Plausible explanations for the observed dipolar-like distribution include the di↵usive propagation from the closest

extragalactic source(s) or that it be due to the inhomogeneous distribution of the sources in our cosmic neighborhood
(Giler et al. 1980; Berezinsky et al. 1990; Harari et al. 2014, 2015). The expected amplitude of the resulting dipole
depends in these cases mostly on the number density of the source distribution, ⇢, with only a mild dependence on the
amplitude of the extragalactic magnetic field. For homogeneous source distributions with ⇢ ⇠ (10�5 � 10�3) Mpc�3,
spanning the range between densities of galaxy clusters, jetted radio-galaxies, Seyfert galaxies and starburst galaxies,
the dipole amplitude turns out to be at the level of few percent at E ⇠ 10 EeV, both for scenarios with light (Harari
et al. 2014) and with mixed CR compositions (Harari et al. 2015). A density of sources smaller by a factor of ten leads
on average to a dipolar amplitude larger by approximately a factor of two. An enhanced anisotropy could result if the
sources were to follow the inhomogeneous distribution of the local galaxies, with a dipole amplitude larger by a factor
of about two with respect to the case of a uniform distribution of the same source density. The expected behavior is
exemplified in Figure 6 where we have included the observed dipole amplitude values together with the predictions
from Harari et al. (2015) for a scenario with five representative mass components (H, He, C, Si and Fe) having an E�2

spectrum with a sharp rigidity cuto↵ at 6 EV and adopting a source density ⇢ = 10�4 Mpc�3 (ignoring the e↵ects of
the Galactic magnetic field). The data show indications of a growth in the amplitude with increasing energy that is
similar to the one obtained in the models. Note that this kind of scenario is also in line with the composition favored
by Pierre Auger Observatory data (The Pierre Auger Collaboration 2017c).
Regarding the direction of the dipolar modulation, it is important to take into account the e↵ect of the Galactic

magnetic field on the trajectories of extragalactic cosmic rays reaching the Earth.4 The facts that the Galactic magnetic

4 These deflections can not only lead to a significant change in the dipole direction and in its amplitude, but they also generate some
higher order harmonics even if pure dipolar modulation is only present outside the Galaxy (Harari et al. 2010).

Energy-dependence of amplitude (ApJ 2018)

1019                                                   1020

Energy (eV)

6.5% dipole at 5.2 sigma 
Science 357 (2017) 1266 

(Auger Astrophys. J. 2018)
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galaxies in the 2MRS catalog. The bands represent the dispersion for di↵erent realizations of the source distribution. The steps

observed reflect the rigidity cuto↵ of the di↵erent mass components.

Regarding the possible origin of the dipolar CR anisotropy, we note that the relative motion of the observer with
respect to the rest frame of cosmic rays is expected to give rise to a dipolar modulation of the flux, known as the
Compton–Getting e↵ect (Compton & Getting 1935). For particles with a power-law energy spectrum d�/dE / E�� ,
the resulting dipolar amplitude is dCG = (v/c)(� + 2), with v/c the velocity of the observer normalized to the speed
of light. In particular, if the rest frame of the cosmic rays were the same as that of the cosmic microwave background,
the dipole amplitude would be dCG ' 0.006 (Kachelriess & Serpico 2006), an order of magnitude smaller than the
observed dipole above 8 EeV. Thus, the Compton–Getting e↵ect is predicted to give only a sub-dominant contribution
to the dipole measured for energies above 8 EeV.
Plausible explanations for the observed dipolar-like distribution include the di↵usive propagation from the closest

extragalactic source(s) or that it be due to the inhomogeneous distribution of the sources in our cosmic neighborhood
(Giler et al. 1980; Berezinsky et al. 1990; Harari et al. 2014, 2015). The expected amplitude of the resulting dipole
depends in these cases mostly on the number density of the source distribution, ⇢, with only a mild dependence on the
amplitude of the extragalactic magnetic field. For homogeneous source distributions with ⇢ ⇠ (10�5 � 10�3) Mpc�3,
spanning the range between densities of galaxy clusters, jetted radio-galaxies, Seyfert galaxies and starburst galaxies,
the dipole amplitude turns out to be at the level of few percent at E ⇠ 10 EeV, both for scenarios with light (Harari
et al. 2014) and with mixed CR compositions (Harari et al. 2015). A density of sources smaller by a factor of ten leads
on average to a dipolar amplitude larger by approximately a factor of two. An enhanced anisotropy could result if the
sources were to follow the inhomogeneous distribution of the local galaxies, with a dipole amplitude larger by a factor
of about two with respect to the case of a uniform distribution of the same source density. The expected behavior is
exemplified in Figure 6 where we have included the observed dipole amplitude values together with the predictions
from Harari et al. (2015) for a scenario with five representative mass components (H, He, C, Si and Fe) having an E�2

spectrum with a sharp rigidity cuto↵ at 6 EV and adopting a source density ⇢ = 10�4 Mpc�3 (ignoring the e↵ects of
the Galactic magnetic field). The data show indications of a growth in the amplitude with increasing energy that is
similar to the one obtained in the models. Note that this kind of scenario is also in line with the composition favored
by Pierre Auger Observatory data (The Pierre Auger Collaboration 2017c).
Regarding the direction of the dipolar modulation, it is important to take into account the e↵ect of the Galactic

magnetic field on the trajectories of extragalactic cosmic rays reaching the Earth.4 The facts that the Galactic magnetic

4 These deflections can not only lead to a significant change in the dipole direction and in its amplitude, but they also generate some
higher order harmonics even if pure dipolar modulation is only present outside the Galaxy (Harari et al. 2010).

Energy-dependence of amplitude and direction

(Auger Astrophys. J. 2018)

3

Figure 1. Left above: The density field of the local universe derived from CosmicFlow-2 (Hoffman et al. 2018) in Super-
galactic coordinates; a 3D interactive view is available at [https://sketchfab.com/3d-models/quasi-linear-construction-of-the-density-field-
91448f58ed5b4a30b5dc270a34fb4352] Left below: The intensity map of the flux illuminating the Galaxy � 8 EeV, for sources following
the CosmicFlow-2 density field using the Eq. 1, “d90”, treatment; the pattern is virtually identical for the sharp-horizon treatment, but with
maximum relative flux =1.47 instead of 1.67 as in “d90”. The direction of the dipole component is not far from the CMB dipole. Right panels:
The colored lines are the percentage contribution to the observed UHECR flux coming from the indicated distance bins, as a function of energy,
for the parameters of the best-fitting d90 (above) and sharp-horizon SH* (below) models detailed in Table 1. The dots represent the average
over the energy bin indicated at the top. The actual calculation uses 1 Mpc bins in distance and 0.1 bins in log10(E).

discussed in Table 1; the meaning should be clear in context.)
Even if the source spectrum were known, Eq. 1 is not an ex-
act description because the energy loss rate evolves during
evolution as the composition and energy change. Moreover
the d90(A, E) values available in the literature are integrated
above a threshold rather than applying to a bin of energy.
A future more accurate treatment needs to take this into ac-
count as well as taking the source spectrum as an unknown
to be self-consistently fit.

We explore the possible spreading of the source images
and reduction in horizon due to diffusion in the EGMF, us-
ing the sharp-horizon treatment. We adopt the simplest hy-
pothesis that the universe is filled with homogeneous and
isotropic turbulent magnetic fields. While the turbulence
level of the EGMF is still unknown, upper limits obtained by
various measurements or arguments exist (Durrer & Neronov
2013). We adopt a Kolmogorov spectrum and – to fully

cover the possible parameter space – we consider rms ran-
dom field strength 0.08  BEG  10 nG and coherence
length 0.08  �EG  0.5 Mpc. The diffusion coefficient,
DEG, and indeed all magnetic deflections, depends on rigid-
ity, E/Z; in the relevant rigidity domain, DEG is proportional
to
⇣
E/ZBEG�0.5

EG

⌘2
(Globus et al. 2008). The intensity profile

of a single source depends on the diffusion coefficient and on
the distance to the source; it is calculated by a method fol-
lowing the diffusion of light in scattering media, that allows
to take into account the transition between quasi-linear and
diffusive regimes, as detailed in Appendix A.

For a given assumed EGMF, composition and energy, and
adopting either the sharp-horizon or d90 attenuation, we cal-
culate the weight of a 1-Mpc-thick shell of matter at dis-
tance z in the total observed CR flux at the given (A, E). The
final illumination map for that (A, E) and attenuation model
is then the weighted sum of the surface mass density in each

(Ding, Globus & Farrar 2101.04564)
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d⊥!
rα1

〈cos δ〉
,

αd=ϕα
1 ,

δd=arctan

(

dz
d⊥

)

, (5)

where 〈cos δ〉 ! 0.7814 is the mean cosine of the declinations of the events, 〈sin θ〉 ! 0.6525 the mean sine of the event
zenith angles, and %obs ! −35.2◦ is the latitude of the Observatory. Note that, as is well known, when the coverage
of the sky is not complete a coupling between the reconstructed multipoles can occur. The dipole parameters inferred
from this set of relations can thus receive extra contributions from higher-order multipoles, something that will be
explicitly checked in the next subsection in the case of a non-negligible quadrupolar contribution to the flux.

Table 5. Three-dimensional dipole reconstruction for energies above 4 EeV. We show the results obtained for the two bins
previously reported (The Pierre Auger Collaboration 2017a), i.e. between 4 and 8 EeV and above 8 EeV, as well as dividing
the high-energy range into three bins.

Energy [EeV] d⊥ dz d αd [◦] δd [◦]

interval median

4 - 8 5.0 0.006+0.007
−0.003 −0.024 ± 0.009 0.025+0.010

−0.007 80± 60 −75+17
−8

≥ 8 11.5 0.060+0.011
−0.010 −0.026 ± 0.015 0.065+0.013

−0.009 100± 10 −24+12
−13

8 - 16 10.3 0.058+0.013
−0.011 −0.008 ± 0.017 0.059+0.015

−0.008 104± 11 −8+16
−16

16 - 32 20.2 0.065+0.025
−0.018 −0.08± 0.03 0.10+0.03

−0.02 82± 20 −50+15
−14

≥ 32 39.5 0.08+0.05
−0.03 −0.08± 0.07 0.11+0.07

−0.03 115± 35 −46+28
−26

In the two upper rows of Table 5, we show the reconstructed dipole components for the energy bins previously
studied, [4, 8] EeV and E ≥ 8 EeV. The results for the three new bins above 8 EeV are reported in the lower three
rows. The uncertainties in the amplitude and phase correspond to the 68% confidence level of the marginalized
probability distribution functions.
In Table 5 a growth of the dipolar amplitude d with increasing energies is observed. Adopting for the energy

dependence of the dipole amplitude a power-law behavior d(E) = d10 × (E/10 EeV)β , we perform a maximum-
likelihood fit to the values measured in the four bins above 4 EeV. We consider a likelihood function L(d10,β) =
∏4

i=1 f(
'di; d10,β), where in each energy bin f is given by a three-dimensional Gaussian for the dipole vector

'd = d(E)(cos δ cosα, cos δ sinα, sin δ), centered at the measured dipole values and with the dispersions σx = σy =
√

2/N/〈cos δ〉 and σz =
√

2/N/(〈sin θ〉 cos %obs), marginalized over the angular variables α and δ. The fit leads to a
reference amplitude d10 = 0.055 ± 0.008 and a power-law index β = 0.79 ± 0.19.3 A fit with an energy-independent
dipole amplitude (β = 0) is disfavored at the level of 3.7σ by a likelihood-ratio test.
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Figure 3. Evolution with energy of the amplitude (left panel) and direction (right panel) of the three-dimensional dipole
determined in different energy bins above 4 EeV. In the sky map in Galactic coordinates of the right panel the dots represent
the direction towards the galaxies in the 2MRS catalog that lie within 100 Mpc and the cross indicates the direction towards
the flux-weighted dipole inferred from that catalog.

3 Regarding the goodness of the fit, we have checked that, for a model in which the dipole amplitude follows the power-law obtained, a
better agreement than the one found with the actual data is expected to result in about 50% of the realizations.
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Further clues to understand the origin of the UHECRs are expected to result from the study of the anisotropies at
small or intermediate angular scales for energy thresholds even higher than those considered here. Also the extension
of the studies of anisotropies at large angular scales to lower energies may provide crucial information to understand
the transition between the Galactic and extragalactic origins of cosmic rays.
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(INAF); Ministero dell’Istruzione, dell’Universitá e della Ricerca (MIUR); CETEMPS Center of Excellence; Min-
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Extensive theoretical work 
(prediction and interpretation)

Non-trivial interplay of 
mass composition, 
mag. horizon and 
local source distribution

Energy Dependence of Dipole
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Likelihood test for anisotropy with astrophysical catalogs

Highest TS = 29.5 found for starburst galaxies with Eth=38 EeV
Catalog Eth 𝛉 faniso TS Post-trial

Starburst 38 EeV 15ି4ା5° 11ି4ା5% 29.5 4.5 𝜎

𝛄-AGNs 39 EeV 14ି4ା6° 6ିଷା4% 17.8 3.1 𝜎

Swift-Bat 38 EeV 15ି4ା6° 8ିଷା4% 22.2 3.7 𝜎

2MRS 40 EeV 15ି4ା଻° 19ି଻ା1଴% 22.0 3.7 𝜎

All the most significant excesses happen at similar Eth and angular scale

Note: 15°smeareadFisher-Von Misses distribution  ∼1.59×15°=24±8°top-hat

8

Arrival directions – catalog searches
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Total SD events with E>32 EeV : 2157

Total exposure: 101,400 km2 sr yr

Likelihood test for anisotropy with astrophysical catalogs

Highest TS = 29.5 found for starburst galaxies with Eth=38 EeV
Catalog Eth 𝛉 faniso TS Post-trial

Starburst 38 EeV 15ି4ା5° 11ି4ା5% 29.5 4.5 𝜎

𝛄-AGNs 39 EeV 14ି4ା6° 6ିଷା4% 17.8 3.1 𝜎
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2MRS 40 EeV 15ି4ା଻° 19ି଻ା1଴% 22.0 3.7 𝜎

All the most significant excesses happen at similar Eth and angular scale

Note: 15°smeareadFisher-Von Misses distribution  ∼1.59×15°=24±8°top-hat
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The Centaurus A region

Cen A is the closest radiogalaxy  
D~3.6 Mpc

Scan: 
1° ≤ψ ≤ 30°
32 EeV ≤ Eth ≤ 80 EeV

Most significant excess:
Eth = 37 EeV
ψ = 28°
nobs = 203    nexp = 141
local  p-value=1.5x10-7

post-trial : 3.9σ
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Catalog searches – outlook
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SBGs and AGNs in our vicinity

Active galaxies or AGN

e.g. Cen A, close to an Auger hotspot
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(Fermi-LAT, > 50 GeV)
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more distant (90% of Bux < 100 Mpc)
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'Starbursts' from Fermi-LAT search list 
(HCN survey) within 250 Mpc

with radio Bux > 0.3 Jy

Gao & Salomon 05

nearby (90% of Bux < 10 Mpc)

Assumption: UHECR 2ux ∝ non-thermal photon 2ux

Note: inspired from Pierre Auger Collaboration 2011
but di�ers from most past UHECR studies:

doesn't assume that sources are 'standard' candles
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General prospects for finding sources
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interactions in the source. For this purpose, large-exposure observatories with a good (equivalent or better
to current fluorescence detectors) mass resolution is needed.
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Figure 9. Evolution of the UHECR rigidity with energy using the composition fractions estimated from
Auger data in [39, 52] using air shower simulations with different hadronic interaction models. M. Unger
for this review.

Another important open question related to mass composition is the evolution of the rigidity R = E/Z
with energy. The angular deflections are proportional to ✓ _ 1/R and for an ensemble of different charge-
groups with fraction fi and charge Zi it is h✓i ⇠ h1/Ri =

P
fi Zi/E. The evolution of the average rigidity

with energy is shown in Figure 9. As can be seen, the rigidity is increasing with energy and therefore the
angular deflection in magnetic fields should decrease with energy, i.e., the increase in the average mass
of cosmic rays with energy as shown in figure 5 is slow enough to not outrun the increase of energy. No
high-quality data currently exists at ultrahigh energies where hints for anisotropies at intermediate scales
were reported. Note that the average logarithmic mass derived from hXmaxi is not enough to determine the
rigidity, because the mass-to-charge ratio is 1 for protons and ⇠ 2 for other elements.

3.2 Astrophysics

3.2.1 Origin of the Bulk of UHECRs

The challenge of accelerating cosmic rays to 1020 eV was succinctly presented in the form of the minimum
requirement for the accelerators, in what is now commonly referred to as the “Hillas condition” [125]. It
states that a necessary condition to accelerate particles to ultrahigh energy is that of confinement; particles
can stay in the acceleration region as long as their Larmor radius is smaller than the size of the accelerator.
Thus the maximum energy achievable, Emax, in a source with characteristic size, R, and magnetic field
strength, B, is,

Emax = ⌘�1�sheBR�, (1)

where �sh is the velocity of the shock in units of the speed of light, c, ⌘ parametrises the efficiency of
acceleration, with ⌘ = 1 the maximum achievable efficiency when diffusion proceeds in the Bohm limit,
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winds such as Wolf-Rayet stars do not satisfy the confinement condition. For the other source classes in the
plot, the confinement condition is satisfied.
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Figure 11. Characteristic source luminosity versus source number density for steady sources, and effective
luminosity versus effective number density for transient sources assuming a characteristic time spread,
⌧ = 3 ⇥ 105 yr. The effective number density for bursting sources is only valid for the assumed value
of ⌧ , which corresponds to mean extragalactic-magnetic-field strength 1 nG. Stronger magnetic fields
would imply larger ⌧ and hence, larger effective number density. The black solid line gives the best-fit
UHECR energy production rate derived in [142], which corresponds to 5⇥1044 erg Mpc�3 yr�1. The grey
horizontal line gives the lower limit to the UHECR source number density estimated in [143]. For beamed
sources, the “apparent” number density and luminosity are shown meaning that no beaming corrections
have been applied to the luminosity or number density. The quoted characteristic luminosity and local burst
rate for HL and LL GRB rates are based on the X-ray luminosity functions of [144] and [145], respectively.
In the case of LL GRBs the hatched lines show that the true rate could be larger than the quoted uncertainty
of [145] and should be comparable to that of binary neutron star mergers. For binary neutron star mergers
we used the LIGO estimate [146]. The rate of magnetar flares quoted follows the estimate of [147]. For
blazars, the quoted values are based on the gamma-ray luminosity as estimated by [148]. For low-luminosity
AGN, we used the median values derived in [149] based on H↵ luminosities. For galaxy clusters, we
used the estimated rate at z = 0, based on the X-ray luminosity functions of [150, 151]. For starburst
galaxies, we used the infrared luminosity density derived in [152]. For FRI and FRII AGN, we used the
radio luminosity functions of [153]. For TDEs, the local burst rate was estimated in [154]. For hypernovae
we quote 10% of the kinetic energy estimate of [155] and the burst rate of [156]. F. Oikonomou for this
review.

Another condition that must be met by UHECR accelerators is that they must possess the required
energy budget to produce the observed UHECR diffuse flux. The energy production rate of UHECRs has
been estimated in [147, 157–159] under the assumption that UHECRs are extragalactic protons. Most
recently the energy production rate of UHECRs was estimated in [142], where a combined fit to the
all-particle spectrum and Xmax distributions at energy 5 ⇥ 1018 eV and beyond measured at the Pierre
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The most reliable technique to measure the mass composition of UHECRs is the simultaneous
measurement of the depth, Xmax, at which the number of particles in an air shower reaches its maximum
and the energy, E, of the shower. These quantities can be directly observed with non-imaging Cherenkov
detectors, radio arrays, and fluorescence telescopes. As of today, only fluorescence detectors have reached
enough exposure to measure Xmax at ultrahigh energies. After pioneering measurements from Fly’s Eye [48]
and HiRes [49], the fluorescence technique is currently employed by the Pierre Auger Observatory [50]
and the Telescope Array [51]. Traditional particle detector arrays are in principle also capable to estimate
the energy and mass of cosmic rays, e.g., by measuring separately the number of muons and electrons at
ground level, but usually with a worse resolution and, more importantly, larger theoretical uncertainties
from hadronic interactions during the air shower development. The latter source of uncertainty can be
eliminated by cross-calibrating the measurements with the Xmax and energy of a subset of so-called hybrid
events (air showers observed simultaneously with both, fluorescence and surface detectors).
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Sibyll2.3

Figure 5. Composition fractions arriving at Earth derived from fitting templates of four mass groups to
the Xmax distribution measured with the fluorescence detectors of the Pierre Auger Observatory (adapted
from [39]). Error bars denote statistical uncertainties and lines were added to guide the eye. The two
interpretations of the data with EPOS-LHC and Sibyll2.3 are shown as closed and open symbols with solid
and dashed lines styles respectively. The QGSJetII-04 interpretation from [39] is not shown, since it does
not give a good description of the Xmax distributions over a wide range in energy (see also discussion in
[52]). As of today, no composition fractions are available around and above 1020 eV. M. Unger for this
review.

The current data on the average shower maximum, hXmaxi, as a function of energy from fluorescence [39,
40, 53] and surface detectors [38] is shown in the left panel of Figure 4. The event-by-event fluctuations of
the shower maximum, �(Xmax), are displayed on the right panel of Figure 4. Only the measurements with
fluorescence detectors have enough resolution to determine the intrinsic (as opposed to detector-related)
standard deviation of shower fluctuations. For comparison, the predictions of hXmaxi of proton- and
iron-initiated air showers simulations using hadronic interaction models [45–47] tuned to LHC data are
shown as red and blue lines.

These measurements of the first two moments (mean and standard deviation) of the Xmax distribution
suggest that the composition of cosmic rays becomes lighter as the energy increases towards the ankle (until
around 1018.3 eV) and then becomes heavier again when approaching ultrahigh energies. The data points
from the surface detector of Auger might indicate a flattening of this trend at ultrahigh energies, but more
statistics are needed to confirm this finding. Note that, whereas hXmaxi scales linearly with the average
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Mean rigidity: deflection

UHECR source candidates

(Alves Batista et al, MIAPP review, 1903.06714)

Higher energy: mean deflection similar, 
but reduced source volume



Accounting for magnetic field deflection needed

27
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interactions in the source. For this purpose, large-exposure observatories with a good (equivalent or better
to current fluorescence detectors) mass resolution is needed.
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Figure 9. Evolution of the UHECR rigidity with energy using the composition fractions estimated from
Auger data in [39, 52] using air shower simulations with different hadronic interaction models. M. Unger
for this review.

Another important open question related to mass composition is the evolution of the rigidity R = E/Z
with energy. The angular deflections are proportional to ✓ _ 1/R and for an ensemble of different charge-
groups with fraction fi and charge Zi it is h✓i ⇠ h1/Ri =

P
fi Zi/E. The evolution of the average rigidity

with energy is shown in Figure 9. As can be seen, the rigidity is increasing with energy and therefore the
angular deflection in magnetic fields should decrease with energy, i.e., the increase in the average mass
of cosmic rays with energy as shown in figure 5 is slow enough to not outrun the increase of energy. No
high-quality data currently exists at ultrahigh energies where hints for anisotropies at intermediate scales
were reported. Note that the average logarithmic mass derived from hXmaxi is not enough to determine the
rigidity, because the mass-to-charge ratio is 1 for protons and ⇠ 2 for other elements.

3.2 Astrophysics

3.2.1 Origin of the Bulk of UHECRs

The challenge of accelerating cosmic rays to 1020 eV was succinctly presented in the form of the minimum
requirement for the accelerators, in what is now commonly referred to as the “Hillas condition” [125]. It
states that a necessary condition to accelerate particles to ultrahigh energy is that of confinement; particles
can stay in the acceleration region as long as their Larmor radius is smaller than the size of the accelerator.
Thus the maximum energy achievable, Emax, in a source with characteristic size, R, and magnetic field
strength, B, is,

Emax = ⌘�1�sheBR�, (1)

where �sh is the velocity of the shock in units of the speed of light, c, ⌘ parametrises the efficiency of
acceleration, with ⌘ = 1 the maximum achievable efficiency when diffusion proceeds in the Bohm limit,
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Average rigidity derived from Auger data

(MIAPP review, 
Front. Astron. Space Sci. 2019)

Agnostic view: 
     particles with smaller charge are less deflected


Full sensitivity: 
     use knowledge of galactic magnetic fields 

Caveat: Deflections in Galactic Magnetic Field

D. Harari MPIfR (left: M51, right: NGC891) Planck PI@30 GHz

backtracking through magnetic field model variations at different rigidities R = E/Z
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4. Multi-messenger physics – early Auger results
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4. Multi-messenger physics – Auger results today
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Limits to the diffuse flux of UHE 

SD Data:
Jan. 2004 – 
August 2018

arXiv:1906.07422

Expected  events:
Red band: 1.4 - 5.9
Gray band: 0.8 - 2.0
Blue band (top): 0.4

Auger Limit: dN/dE = k E−2

k ~ 4.4 x 10−9  GeV cm−2 s−1 sr−1

7julian.rautenberg@uni-wuppertal.de ICRC 2019 13

Auger HECO+SD750

KASCADE-Grande

EAS-MSU

Auger Hybrid

Auger SD

Telescope Array

GZK-p

GZK-Fe

Limits have reached GZK predictions for protons
(Auger ICRC 2019) (Auger JCAP 2019)



Waiting for the first EHE neutrino (background-free)…

30

Instantaneous effective area Aeff: 
sensitivity to transient sources

Large area of SD of Auger => unrivalled sensitivity to transient point-like sources at EeV
(as long as source is located in sky in the FoV of Earth-Skimming channel.

23

PRELIMINARY

Expected event 
rates in Auger 

15

With Auger we are starting to constrain models of cosmogenic n production assuming
protons dominate at sources & Star-Formation Rate (weak) evolution with redshift z

PRELIMINARY

nt

n

nt

p

muons

electromagnetic
particles

Auger Observatory

Neutrino search using inclined air showers

(Auger, UHECR 2018)

Effective neutrino aperture

Expected number of events

IceCube

Auger



Multi-messenger physics – transient events
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Karl-Heinz Kampert 24 Finance Board, Buenos Aires, Nov. 20, 2017

 OBSERVATORY 

 

Gift of Nature

Auger in predefined ±500 s window as 
sensitive as IceCube !

Joint paper of LIGO, IceCube, Antares & Auger accepted by ApJL

Clear demonstration of the power of Auger

ApJL (2017), special issue (70 collaborations)

GW170817

16
Michael Schimp Auger ultra-high energy neutrinos from transients

July 29, 2019 ICRC 2019, Madison | PoS(ICRC2019)415

TXS 0506+056 follow-up

Blazar, z ≈ 0.34

● 2014-10-19 – 2015-02-06

→ IceCube neutrino excess

● 2017-03-22 – 2017-09-22

→ IceCube high energy neutrino 
during gamma-ray flare

● Whole days of follow-up observation
→ sensitivity depends only on 
source declination

TXS 0506+056

TXS 0506+056 follow-up

NASA/JPL-Caltech/GSFC
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FIG. 3. Measured average number of muons as a function of the energy and the predictions from three interaction models for
proton (red) and iron (blue) showers.

FIG. 4. Left panel: Average number of muons measured as a function of the energy together with the predictions from three
interaction models given the composition measured with Xmax. The line is the best fit of the form hRµi[E] = a(E/(1019 eV))b.
Right panel: Relative fluctuations in the number of muons measured as a function of the energy together with the predictions
from three interaction models given the composition measured with Xmax.

B. Detailed comparison between interaction models and measurement

In Fig. 3 the average number of muons in each bin of energy is shown. The model predictions for proton and iron

primaries are shown as well.

In Fig. 4 the measurement of the average number of muons (left panel) and the relative fluctuations (right panel)

are shown as a function of the energy. The predictions from interaction models given the measured composition

are shown for each model individually. In Figs. 5 and 6 the measurement of the average number of muons and the

relative fluctuations are compared with the predictions from the interaction models separately. All models, given the

measured composition, reproduce the fluctuation measurement. In case of the average number of muons none of the

models yields enough muons to describe the data.

In Fig. 7 the measurement of hXmaxi and hlnRµi at 10
19

eV are compared. Both quantities scale linearly with

hln Ai, meaning the predictions for di↵erent primary compositions fall on a line.

5. Hadronic interactions – Auger results
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Shower-to-shower fluctuations

G.R. Farrar et al., Muon content of hybrid PAO CRs
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 4: The contributions of different components to the
average signal as a function of zenith angle, for stations at 1
km from the shower core, in simulated 10 EeV proton air
showers illustrated for QGSJET-II-04. The signal size is
measured in units of vertical equivalent muons (VEM), the
calibrated unit of SD signal size [18].

where a is the energy scaling of the muonic signal; it has the
value 0.89 in both the EPOS and QGSJET-II simulations,
independent of composition [19].

Finally, the variance of S(1000) with respect to Sresc must
be estimated for each event. Contributions to the variance
are of two types: the intrinsic shower-to-shower variance in
the ground signal for a given LP, sshwr, and the variance due
to limitations in reconstructing and simulating the shower,
srec and ssim. The total variance for event i and primary
type j, is s2

i, j = s2
rec,i +s2

sim,i, j +s2
shwr,i, j.

sshwr is the variance in the ground signals of showers
with matching LPs. This arises due to shower-to-shower
fluctuations in the shower development which result in
varying amounts of energy being transferred to the EM and
hadronic shower components, even for showers with fixed
Xmax and energy. sshwr is irreducible, as it is independent
from the detector resolution and statistics of the simulated
showers. It is determined by calculating the variance in the
ground signals of the simulated events from their respective
means, for each primary type and HEG; it is typically
⇡ 16% of Sresc for proton initiated showers and 5% for iron
initiated showers.

srec contains i) the uncertainty in the reconstruction of
S(1000), ii) the uncertainty in Sresc due to the uncertainty
in the calorimetric energy measurement, and iii) the uncer-
tainty in Sresc due to the uncertainty in Xmax; srec is typi-
cally 12% of Sresc. ssim contains the uncertainty in Sresc due
to the uncertainty in Sµ and SEM from the S(1000)�wµ fit
and to the limited statistics from having only three simu-
lated events; ssim is typically 10% of Sresc for proton initi-
ated showers and 4% for iron initated showers.

The resultant model of si, j is checked using the 59 events,
of the 411, which are observed with two FD eyes whose
individual reconstructions pass all required selection cuts
for this analysis. The variance in the Sresc of each eye is
compared to the model for the ensemble of events. All
the contributions to si, j are present in this comparison
except for sshwr and the uncertainty in the reconstructed
S(1000). The variance of Sresc in multi-eye events is well
represented by the estimated uncertainties using the model.
In addition, the maximum-likelihood fit is also performed
where sshwr is a free parameter rather than taken from the
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Figure 5: The best-fit values of RE and Rµ for QGSJET-II-
04 and EPOS-LHC, for mixed and pure proton composi-
tions. The ellipses show the one-sigma statistical uncertain-
ties. The grey boxes show the estimated systematic uncer-
tainties as described in the text; these will be refined in a
forthcoming journal paper.

models; no significant difference is found between the value
of sshwr from the models, and that recovered when it is a fit
parameter.

The results of the fit for RE and Rµ are shown in Fig.
5 and Table 1 for each HEG. The ellipses show the one-
sigma statistical uncertainty region in the RE �Rµ plane.
The systematic uncertainties in the event reconstruction
of Xmax, EFD and S(1000) are propagated through the
analysis by shifting the reconstructed central values by their
one-sigma systematic uncertainties; this is shown by the
grey rectangles.1 As a benchmark, the results for a purely
protonic composition are given as well2.

The signal deficit is smallest (the best-fit Rµ is the closest
to unity) in the mixed composition case with EPOS. As
shown in Fig. 6, the primary difference between the ground
signals predicted by the two models is the size of the muonic
signal, which is ⇡15(20)% larger for EPOS-LHC than
QGSJET-II-04, in the pure proton (mixed composition)
cases respectively. EPOS benefits more than QGSJET-II
when using a mixed composition because the mean primary
mass determined from the Xmax data is larger in EPOS than
in QGSJET-II [20].

4 Discussion and Summary

In this work, we have used hybrid showers of the Pierre
Auger Observatory to quantify the disparity between state-
of-the-art hadronic interaction modeling and observed at-
mospheric air showers of UHECRs. The most important ad-
vance with respect to earlier versions of this analysis[21], in
addition to now having a much larger hybrid dataset and im-
proved shower reconstruction, is the extension of the anal-

1. The values of ssim, srec and sshwr and the treatment of system-
atic errors used here will be refined with higher statistics Monte
Carlo simulations and using the updated Auger energy and Xmax
uncertainties, for the journal version of this analysis.

2. Respecting the observed Xmax distribution is essential for evalu-
ating shower modeling discrepancies, since atmospheric attenu-
ation depends on the distance-to-ground. This is automatic in
the present analysis, but the simulated LPs – which are selected
to match hybrid events – is a biased subset of all simulated
events for a pure proton composition since with these HEGs
pure proton does not give the observed Xmax distribution.

(PRL 2016)

(Auger PRD 2015, PRL 2021) (ICRC 2019, PRL 2021)

24 4. Properties of the FD photomultipliers

(a) (b)

Figure 4.1.: (a) Schema of a PMT. The names of the different components are indicated as well
as the the first stages of the electron multiplication process. Taken from [50]. (b)
Measured quantum efficiency Q as function of the wavelength for two Hamamatsu
models of newer generation of PMTs with a super-bialkali photocathode, i.e. higher
quantum efficiency, as well as of a Photonis XP 3062 PMT. For the latter, Q is about
(29.5 ± 1)% at 375 nm. Taken from [51].

first dynode by an electric field between the photocathode and the first dynode.
By hitting the latter, they kick out further electrons, which again are accelerated
thanks to an electric field between the first and second dynode. This process is
repeated at every dynode resulting in a multiplication process of electrons. At
the end, the electrons hit the anode producing an electric current which can be
amplified, converted and measured.

The gain G is the multiplication factor of a PMT, i.e. how many electrons arrive
at the anode for one photoelectron produced at the photocathode. In other words

G =
nK
nA

=
IK
IA

, (4.1)

where nK is the number of produced photoelectrons at the cathode and nA the
number of electrons reaching the anode. IK and IA are the corresponding cur-
rents at the cathode and anode induced by these electrons. The whole am-
plification process will be explained in the following paragraph similar to the
explanations given in [52].

If the number of photoelectrons that strike the first dynode is nf and the gain
of the first dynode is g1, the number of resulting secondary electrons is nf g1.
If the second dynode has a gain g2, the number of emitted electrons from the
second dynode is then nf g1 g2. The repetition of this process for N dynodes
leads to the final number of electrons at the anode

nA = nf

N

’
i=1

gi. (4.2)

The initial photoelectrons have to be focused on the first dynode. The efficiency
of this process is given by the input system collection efficiency h. Thus, the

PMT analogy to shower

(EPJ 2020)

The probability of hybrid events hðEÞ (product of the
energy spectrum of cosmic rays and the efficiency of
detection) can be obtained from the data, as explained in
and [10,24,26]. The rhs of Eq. (2) depends on the
parameters a and b via Eq. (1). To obtain the energy
dependence of the fluctuations, we parametrize σ by six
independent values such that σðEÞ ¼ σ̂k · hRμiðEÞ, where
the constants σ̂k are the relative fluctuations in the kth
energy bin with limits ½Ek−1; Ek%, where k runs from one to
six. In Eq. (2), k ¼ 0 corresponds to the contributions from
the interval ½0; Ethr%, where the SD is not fully efficient. The
fluctuations here are assumed to take the value of the first
fitted bin σ̂0 ≡ σ̂1.
The sum over the index i in Eq. (2) (the usual sum over

the log-likelihoods of events) includes only events above
the energy threshold of 4 × 1018 eV. The function CðEÞ is
the normalization factor from the double Gaussian. The
result of the fit for the parameters a and b are shown in
Fig. 1. The fluctuations are shown in Fig. 2. The distri-
bution of the number of muons and the PDF in the
individual energy bins can be found in the Supplemental
Material [17].
The dominant systematic uncertainties of σ come from

the uncertainties in the resolutions sE and sμ. For sμ we
estimate the uncertainty using simulations and data. In
simulations, the uncertainty was estimated by the spread in
a sample of simulated showers, where each shower is
reconstructed multiple times, each time changing only the
impact point at the ground. For data, we reconstruct the
same event multiple times, leaving out the signals from one
of the detector stations. The average relative resolution

hsμ=Rμi and its systematic uncertainty is thus ð10& 3Þ%
at 1019 eV.
We verified the values of sE by studying the difference in

the energy reconstruction of events measured independently
by two or more FD stations. The width of the distribution of
these energy differences is found to be compatible with sE.
We therefore take the statistical 1-σ uncertainties of this
cross check as a conservative upper limit of the systematic
uncertainty of sE [27]. The average relative energy reso-
lution hsE=Ei is about ð8.4& 2.9Þ% at 1019 eV. We have
further confirmed that there are no significant contributions
to the fluctuations from differences between the individual
FD stations, neither related to the longtime performance
evolution of the SD and FD detectors.
Any residual electromagnetic component in the signal

would affect the lower zenith angles more. We therefore
split the event sample at the median zenith angle (66°) and
compare the resulting fluctuations. We find no significant
difference between the more and the less inclined sample.
In another test, we do find a small modulation of hRμi

with the azimuth angle (<1%), which we correct for. This
modulation is related to the approximations used in the
reconstruction, which deal with the azimuthal asymmetry
of the muon densities at the ground due to the Earth’s
magnetic field [3]. Finally, we have run an end-to-end
validation of the whole analysis method described in this
Letter on samples of simulated proton, helium, oxygen, and
iron showers.
Because of the almost linear relation between Rμ and E,

the systematic uncertainty on σ due to the uncertainty of the
absolute energy scale of 14% [25] practically cancels out in
the relative fluctuations. The systematic uncertainty in the
absolute scale of Rμ of 11% [5] drops out for the same
reason. The systematic effects for the bin around 1019 eV
are summarized in Table I. Over all energies, the systematic
uncertainties are below 8%.
Results and discussion.—The best-fit value for the

average relative number of muons at 1019 eV (parameter a)
is hRμið1019eVÞ¼1.86&0.02ðstatÞþ0.36

−0.31ðsystÞ. For the
slope (parameter b) we find dhlnRμi=d lnE ¼ 0.99&
0.02ðstatÞ þ0.03

−0.03ðsystÞ. These values are consistent with
the values previously reported [5,17].

FIG. 2. Measured relative fluctuations in the number of muons
as a function of the energy and the predictions from three
interaction models for proton (red) and iron (blue) showers.
The gray band represents the expectations from the measured
mass composition interpreted with the interaction models.
The statistical uncertainty in the measurement is represented
by the error bars. The total systematic uncertainty is indicated by
the square brackets.

TABLE I. Contributions to the systematic uncertainty in the
relative fluctuations around 1019 eV (1018.97–1019.15 eV). The
central value is σ=hRμi ¼ 0.102& 0.029ðstatÞ & 0.007ðsystÞ.

Source of uncertainty Uncertainty (%)

E absolute scale hEi <0.1
E resolution sE 4.6
Rμ absolute scale hRμi 0.5
Rμ resolution sμ 5.2
Rμ azimuthal modulation hRμiðϕÞ 0.5

Total systematics 7.0

PHYSICAL REVIEW LETTERS 126, 152002 (2021)
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Proton-air cross section measurement
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Figure 3: The σp−air-measurement compared to previous data and model predictions. For references see [2]
and [15].

For the present measurement the data is split in two energy intervals. The data is consistent
with a rising cross section with energy, however, the statistical precision is not yet sufficient to
make a statement on the functional form.
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(Earth and Space 
Sciences, 2020)

Cosmo-Geo Physics (Roberto)

Elves  R.Mussa, KD Merenda
- Paper: resubmitted 
- Reconstruction algorithm: not yet fnished 
- Double elves: charge asymmetry?
- Multiple elves vs cloud height (TGF?)
- Super extended readout : more anomalies 
- A short paper on super elves ?

Scalers  M.Schimassek
- daily variations similar to what is being observed on neutron
monitors

SD Rings  R.Colalillo
- Large E-feld effects on showers : MC studies
- Still lacking a new trigger strategy not to keep losing such events
- More E-feld measurements at ground (Penha Rodriguez, Colombia) 

[9 of 9]

Confidential manuscript submitted to <Earth and Space Science>

strokes that lie below the horizon. Located on four di�erent sites, FD telescopes point in247

fixed directions. As the field of view (FoV) of the telescopes overlap, the 360� azimuthal248

coverage of the detector is spanned more than once. The same elve may be measured by249

multiple FD telescopes, each with an optical aperture of 2.2 m diameter and a time res-250

olution (�⌧ = 100 ns) unprecedented in the field of TLE observations. The combination251

enables detailed measurements of large numbers of single-peaked and multi-peaked elves.252

Figure 1. Top panel: a diagram of the FD telescope with its 3.6 m diameter mirror at the Pierre Auger

Observatory [Abraham et al., 2010] . The FD, optimized for the detection of cosmic rays up to 30 km, also

turns out to be sensitive to elve signatures that are 1000 km away. The axes of lowest pixels have an elevation

angle of 1.5� while the axes of highest pixels have elevation angles of 30�. Panel A: the time signature of a

cosmic-ray shower propagating from top to bottom. Panel B: the first 200µs of the propagation of an elve

across an FD telescope camera field of view, showing the one side of the elves expanding towards the detector.

253

254

255

256

257

258

When an UHECR strikes the atmosphere, its kinetic energy is converted into an air259

shower of relativistic secondary particles, mostly electrons, positrons and muons. These260

secondary particles collide inelastically with molecules in the troposphere, exciting the261

–9–

1600 elves observed



AugerPrime – the upgrade of 
the Pierre Auger Observatory

35



Upgrade of Auger Observatory: scintillators
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15% duty cycle

100% duty cycle

(AugerPrime design report 1604.03637)
 0

 10

 20

 30

 40

 50

 60

 70

-410 -400 -390 -380 -370 -360 -350
Discriminant [a.u.]

1020 EeV    EPOS

co
un

ts

Proton

Iron

0       100     200     300    400     500     600     700
          t/ns

0       100     200     300    400     500     600     700
          t/ns

Si
gn

al
/M

IP
Si

gn
al

/M
IP

25

15

5

10

5

0

Water-Cherenkov detector (WCD)

- Scintillators (3.8 m2) and radio 
antenna on top of each array detector 

- Composition measurement 
up to 1020 eV 

- Composition selected anisotropy 

- Particle physics with air showers

Scintillation detector (SSD)

Deployment fast: ~ 5 -10 stations per day

2016-09-15: first station in field

Radio antennas for 
inclined showers



Upgrade of Auger Observatory: radio antennas
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EPJ WoC. 135(2017)01015

Prototype station in field (Jan. 2019)

Composition information for inclined / horizontal showers (calorimetric)

Larger field of view for anisotropy studies, neutrino and gamma-ray search

Jörg R. Hörandel, UHECR, Paris 2018

Width of radio footprint

dedicated AERA simulations incl. 
noise and detector!
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Figure 1: (a) Muon-radio mass estimator versus zenith angle for showers with a primary energy of 1
EeV. The lines show the mean values µi and the shaded areas depict the standard deviations �i. (b)
Mass separation power of di↵erent mass estimators, represented by the figure of merit (FOM). The
indices signify proton (P) and iron nuclei (Fe). No uncertainties from detector e↵ects are included.

Mass separation power
The ratio of the muons and the radio emission, represented by observables as measured in AMIGA
and AERA, is shown in Fig. 1a. The size of the muonic component is proportional to the muon
density ⇢600

µ at a distance of 600 m to the shower axis, which is used here as the observable. The square
root of the radiation energy S ⇢✓RD , which is the energy contained in the radio emission, represents an
observable for the radio emission. Here, the observables are true values without any uncertainties
arising from detector responses, background and reconstruction methods. The error band depicts the
standard deviation due to shower-to-shower fluctuations. The ratio ⇢600

µ /
p

(S⇢✓RD) is clearly separated for
proton and iron nuclei for all zenith angles. It is constant until a zenith angle of 55�, which corresponds
to the measurement range of AMIGA. It decreases for larger zenith angles, at which a fraction of the
muons decay before reaching the ground.

Fig. 1b shows the mass separation power of the novel mass estimator in form of the figure
of merit (FOM). In addition, the figure of merit is shown for the ratio of muons and electrons,
and the shower maximum Xmax, which are classical mass estimators. At large zenith angles, the
electromagnetic component is absorbed in the atmosphere, which diminished the mass separation
power when combining muons and electrons. Xmax is subject to shower-to-shower fluctuations, in
particular for proton showers. On the contrary, the atmosphere is transparent for the radio emission and
hence the emission is approximately constant at the ground for all zenith angles. In addition, it su↵ers
less shower-to-shower fluctuations. Therefore, considering true observables without measurement
uncertainties, the muon-radio combination shows a superior mass separation power compared to some
classical estimators, in particular for large zenith angles.

Application to AMIGA and AERA measurements
We applied the novel mass estimator to coincident measurements of AMIGA and AERA. Therefore,
we first studied the influence of the measurement uncertainties by adding the detector responses and
measured radio background to the simulations. The reconstructed observables including the detectors
are shown in Fig. 2a. The figure of merit is reduced by about 0.5 compared to the pure air-shower
simulations due to measurement and reconstruction uncertainties. However, this is still su�cient for
mass composition studies.

E. Holt et al, ARENA 2018

good separation power up to 
high zenith angles

Scintillators

 Radio antennas 

Xmax

Event observed with 
existing radio array 
(AERA, 17 km2)

Theoretically possible sensitivity



Status of detector deployment
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Deployment of scintillator 
modules and electronics 

progressing well, 
radio antennas to follow, 
to be completed in 2023



New quality of data – multi-hybrid measurements
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Physics with the upgraded Observatory
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Auger exposures for comparison 
Spectrum (2004 – 2018, 6T5, θ < 60°):  60,400 km2 sr yr

Collect every year ~5300 km2 sr yr (6T5, θ < 60°)

Anisotropy (2004 – 2020, all angles): ~ 120,000 km2 sr yr (4T5 pos/2)

AugerPrime (7-8 years, θ < 60°): ~ 40,000 km2 sr yr

1. Extend energy range of mass-sensitive measurements (lower and higher end)


2. New measurements / observables that fully exploit event-by-event charge/mass estimates


3. Multi-hybrid events to verify our understanding (reconstruction, hadronic interactions)


4. Reduction of systematic uncertainties at single event level (fluctuations)


5. Improve our triggers for neutrinos, exotic events, atmospheric phenomena


6. Learning for our Phase I data set: re-analysis of full data set with new knowledge (DNN, …)



Outlook

41(Alves Batista et al, 1903.06714)

Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

Figure 16. Evolution of the exposure of past, current, and upcoming (solid lines) UHECR experiments as
a function of time for ground-based and space experiments. Proposed experiments are also shown (dashed
lines). F. Oikonomou and M. Panasyuk for this review.

anisotropy to independently confirm or rule out the presence of hotspots in the Northern and Southern
hemispheres.

The project concept of OWL, based on the simultaneous detection of UHECRs by UV telescopes placed
on two satellites, was recently developed in the POEMMA project [404]. This project, based on the use
of Schmidt optics with 45� FOV and a large photodetector camera, can become a space instrument of
record characteristics and surpass in terms of exposure the ground-based Auger and TA installations (see
Figure 16).

4.3 The Current Status and Perspectives of UHE Neutrino Experiments

Currently the UHE neutrino flux is best confined by the IceCube Observatory [71] and the Auger
Observatory [72] at the level of ⇠ 3 ⇥ 10�8 GeV cm�2 s�1 sr�1 around EeV (all-flavor). Figure 17
summarizes the sensitivity of current and proposed experiments that target EeV neutrinos.

The Askaryan Radio Array (ARA) [401, 405] and ARIANNA [406, 407] are in-ice radio arrays
which detect UHE neutrinos via the Askaryan effect. As an alternative to the expensive ice-Cherenkov
technique the three experiments equipped with radio antennas are located in Antarctica and optimized
for UHE neutrino detection, namely two in-ice arrays, the Askaryan Radio Array (ARA) [401, 405] and
ARIANNA [406, 407], and a balloon-borne interferometer ANITA [73, 408]. The propose GRAND [392]
will use large arrays of cost-effective radio antennas to detect particle cascades produced in media and air by
UHE tau neutrinos. POEMMA [404] will also detect tau neutrinos, by observing the Cherenkov radiation
produced by upward-going tau decays [409]. Trinity [403], an Earth-based imaging telescope experiment,

Frontiers 35

• Neutral-messenger arrival direction correlations can identify individual sources, while their tem-
poral associations are sensitive to flaring sources. However, correlations between ⌫’s and �’s alone
cannot give a complete picture. Even if some blazars produce UHECRs, the majority of the AGN
jets are beamed away from Earth, thus not all sources may be observable with neutral particles.

By studying the time evolution of the test statistics of the anisotropy searches [28–30], we have
projected the required exposures to obtain a 5� confirmation of the various hypotheses. These
target exposures, shown in Fig. 3, demonstrate that the continued operation into the next decade
of the upgraded observatories will bring us within reach of new discoveries. Based on the existing
data, new target exposures and new resolutions on key observables can be inferred and should
become the basis for the design of next-generation ground observatories and space instruments.

Requirements to achieve the science goals and next generation UHECR experiments

Figure 3: The historical growth of UHECR integrated expo-
sures [7, 8, 116–119]. The projected integrated exposures of
Auger and TA⇥4 are shown together with the target expo-
sure bands that could achieve a 5� observation of the northern
hot spot (TA/blue) and 5� confirmation of the starburst and
�AGN hypotheses (Auger/red and Auger/black). The lower
edge of the bands indicates the required exposure of an ex-
periment which permanently observes the same region of the
sky as Auger/TA, whereas the upper edge indicates the re-
quired exposure for a full-sky instrument which observes the
Auger/TA sky only half of the time. Figure by J.F. Soriano
(CUNY).

Complementing the upgraded Auger and
TA detectors, the next generation of UHECR
instruments focusing on the flux suppres-
sion region (E & 1019.6 eV) will need to
achieve: (i) Significant gain in exposure,
from Fig. 3 we estimate ⇠ 5⇥ 105 km2 sr yr
to allow for a 5� observation of all poten-
tial signals. (ii) A resolution �Xmax ⇠
20 g/cm2 [120]. (Note that hXmaxi of p and
Fe are separated by ⇠ 100 g/cm2 [121], thus
the recommended �Xmax would allow stud-
ies with a four-component nuclear composi-
tion model [122–125].) (iii) An energy reso-
lution ideally �E/E . 20% to limit the ef-
fects of lower-energy event spillover near the
flux suppression [126]. (iv) An angular reso-
lution comparable to that of previous experi-
ments to both test the hints for intermediate-
scale anisotropies in Auger and TA data and
continue the search for small-scale cluster-
ing. (v) Full sky coverage to test the hints
of declination dependence of the TA spectrum [12, 13].

At present, the most advanced concept in pursuit of these objectives is the Probe of Extreme
Multi-Messenger Astrophysics (POEMMA) satellites [127]. POEMMA will reach ⇠ 2.5⇥105 km2

sr yr exposure in 5 years with (calorimetric) stereo EAS reconstruction that significantly improves
the angular, energy, and Xmax resolutions over that from monocular space-based EAS measure-
ment. A factor ⇥10 increase over current UHECR apertures may be achievable on the ground;
e.g., the GRAND project has been designed to use low-cost radio antennas deployed over 200,000
km2 to measure highly-inclined EASs from UHE cosmic-rays and neutrinos [128].

In the new era of multi-messenger astronomy, improved measurements of the highest-energy
particles will provide a compelling and complementary view of the extreme universe. The UHECR
community is aggressively responding to the new questions posed by the UHECR paradigm shift.
The next decade will test the hints of source candidates and build the next-generation experiments
that will usher in a new era of charged-particle astronomy.
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26FUTURE UHECR-NEUTRINO EXPERIMENTS

▸ Stereo fluorescence/
Cherenkov light 
measurement 

▸ Nadir for UHECRs, tilted for > 
10 PeV neutrinos 

▸ Exposure ~100000 km2 sr yr 

▸ Xmax resolution ~20 g/cm-2 

▸ Angular resolution ~1 deg 

▸ Full sky viewEUSO SPB2 White Paper, arXiv:1703.04513
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Figure 16. Evolution of the exposure of past, current, and upcoming (solid lines) UHECR experiments as
a function of time for ground-based and space experiments. Proposed experiments are also shown (dashed
lines). F. Oikonomou and M. Panasyuk for this review.

anisotropy to independently confirm or rule out the presence of hotspots in the Northern and Southern
hemispheres.

The project concept of OWL, based on the simultaneous detection of UHECRs by UV telescopes placed
on two satellites, was recently developed in the POEMMA project [404]. This project, based on the use
of Schmidt optics with 45� FOV and a large photodetector camera, can become a space instrument of
record characteristics and surpass in terms of exposure the ground-based Auger and TA installations (see
Figure 16).

4.3 The Current Status and Perspectives of UHE Neutrino Experiments

Currently the UHE neutrino flux is best confined by the IceCube Observatory [71] and the Auger
Observatory [72] at the level of ⇠ 3 ⇥ 10�8 GeV cm�2 s�1 sr�1 around EeV (all-flavor). Figure 17
summarizes the sensitivity of current and proposed experiments that target EeV neutrinos.

The Askaryan Radio Array (ARA) [401, 405] and ARIANNA [406, 407] are in-ice radio arrays
which detect UHE neutrinos via the Askaryan effect. As an alternative to the expensive ice-Cherenkov
technique the three experiments equipped with radio antennas are located in Antarctica and optimized
for UHE neutrino detection, namely two in-ice arrays, the Askaryan Radio Array (ARA) [401, 405] and
ARIANNA [406, 407], and a balloon-borne interferometer ANITA [73, 408]. The propose GRAND [392]
will use large arrays of cost-effective radio antennas to detect particle cascades produced in media and air by
UHE tau neutrinos. POEMMA [404] will also detect tau neutrinos, by observing the Cherenkov radiation
produced by upward-going tau decays [409]. Trinity [403], an Earth-based imaging telescope experiment,
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• Neutral-messenger arrival direction correlations can identify individual sources, while their tem-
poral associations are sensitive to flaring sources. However, correlations between ⌫’s and �’s alone
cannot give a complete picture. Even if some blazars produce UHECRs, the majority of the AGN
jets are beamed away from Earth, thus not all sources may be observable with neutral particles.

By studying the time evolution of the test statistics of the anisotropy searches [28–30], we have
projected the required exposures to obtain a 5� confirmation of the various hypotheses. These
target exposures, shown in Fig. 3, demonstrate that the continued operation into the next decade
of the upgraded observatories will bring us within reach of new discoveries. Based on the existing
data, new target exposures and new resolutions on key observables can be inferred and should
become the basis for the design of next-generation ground observatories and space instruments.

Requirements to achieve the science goals and next generation UHECR experiments

Figure 3: The historical growth of UHECR integrated expo-
sures [7, 8, 116–119]. The projected integrated exposures of
Auger and TA⇥4 are shown together with the target expo-
sure bands that could achieve a 5� observation of the northern
hot spot (TA/blue) and 5� confirmation of the starburst and
�AGN hypotheses (Auger/red and Auger/black). The lower
edge of the bands indicates the required exposure of an ex-
periment which permanently observes the same region of the
sky as Auger/TA, whereas the upper edge indicates the re-
quired exposure for a full-sky instrument which observes the
Auger/TA sky only half of the time. Figure by J.F. Soriano
(CUNY).

Complementing the upgraded Auger and
TA detectors, the next generation of UHECR
instruments focusing on the flux suppres-
sion region (E & 1019.6 eV) will need to
achieve: (i) Significant gain in exposure,
from Fig. 3 we estimate ⇠ 5⇥ 105 km2 sr yr
to allow for a 5� observation of all poten-
tial signals. (ii) A resolution �Xmax ⇠
20 g/cm2 [120]. (Note that hXmaxi of p and
Fe are separated by ⇠ 100 g/cm2 [121], thus
the recommended �Xmax would allow stud-
ies with a four-component nuclear composi-
tion model [122–125].) (iii) An energy reso-
lution ideally �E/E . 20% to limit the ef-
fects of lower-energy event spillover near the
flux suppression [126]. (iv) An angular reso-
lution comparable to that of previous experi-
ments to both test the hints for intermediate-
scale anisotropies in Auger and TA data and
continue the search for small-scale cluster-
ing. (v) Full sky coverage to test the hints
of declination dependence of the TA spectrum [12, 13].

At present, the most advanced concept in pursuit of these objectives is the Probe of Extreme
Multi-Messenger Astrophysics (POEMMA) satellites [127]. POEMMA will reach ⇠ 2.5⇥105 km2

sr yr exposure in 5 years with (calorimetric) stereo EAS reconstruction that significantly improves
the angular, energy, and Xmax resolutions over that from monocular space-based EAS measure-
ment. A factor ⇥10 increase over current UHECR apertures may be achievable on the ground;
e.g., the GRAND project has been designed to use low-cost radio antennas deployed over 200,000
km2 to measure highly-inclined EASs from UHE cosmic-rays and neutrinos [128].

In the new era of multi-messenger astronomy, improved measurements of the highest-energy
particles will provide a compelling and complementary view of the extreme universe. The UHECR
community is aggressively responding to the new questions posed by the UHECR paradigm shift.
The next decade will test the hints of source candidates and build the next-generation experiments
that will usher in a new era of charged-particle astronomy.
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26FUTURE UHECR-NEUTRINO EXPERIMENTS

▸ Stereo fluorescence/
Cherenkov light 
measurement 

▸ Nadir for UHECRs, tilted for > 
10 PeV neutrinos 

▸ Exposure ~100000 km2 sr yr 

▸ Xmax resolution ~20 g/cm-2 

▸ Angular resolution ~1 deg 

▸ Full sky viewEUSO SPB2 White Paper, arXiv:1703.04513

What matters most 

- Statistics (exposure) and energy resolution

- Event-by-event composition sensitivity 

- Full sky coverage with one technique and calibration

- Calorimetric and hybrid measurements

- Neutrino and photon aperture


