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Supernova Remnants AGN and their Jets/Lobes
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Cosmic Particle Accelerators
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Themes of UHECR Physics
•Cosmic Particle Acceleration 

- Where are the most powerful cosmic rays accelerators? 
- … and how do they work? 
- Does Nature impose any energy limits? 
- How do CRs propagate through space? 
- What is their impact on the environment? (CR ⇔ B-fields) 

•Probing Extreme Environments 

- Processes close to supermassive black holes or GRBs?  
- Processes in relativistic jets, winds and radio-lobes?  
- Exploring cosmic magnetic fields 

•Physics Frontiers – beyond the SM 

- Lorentz invariance violation; Smoothness of Space-Time 
- Particles beyond SM ? 
- New particle physics at √s=150 TeV ?
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The High Energy Cosmic Messengers

pCR +matter ! ⇡± + ⇡0 +X
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Cosmic Coincidence or Grand Unified Picture ?
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LETTERS NATURE PHYSICS

with a halo mass of M =  1014 M14 M⊙, where M⊙ is the mass of the Sun, 
has a virial radius ~ . ∕r M1 2 Mpcvir 14

1 3 . The distribution of thermal 
gas is often described using the β model as nICM(r) ∝  [1 +  (r/rc)2]−3β/2, 
where β ≈  0.8 and rc ≈  0.1 rvir is the core radius24. Turbulent magnetic 
fields in the ICM, which are probably induced by accretion shocks 
and other cluster dynamics, typically have a strength of a few micro-
gauss in the cluster centre24. Assuming flux conservation and that 
the field traces the baryon distribution, we adopt a magnetic field 
profile B(r) =  B0[1 +  (r/rc)2]−β with B0 ≈  5 μ G.

Cosmic rays leaving the acceleration site and lobe enter the ICM 
of the host cluster (which functions as a cosmic-ray reservoir10,11). 
The highest-energy ions travel in a straight line through the ICM. 
Particles reaching an energy Ec ≈  2 ×  1019 Z B−6(lc/20 kpc) eV have 
a gyro-radius comparable to the typical scales of magnetic field 
fluctuations in massive clusters, with lc about 1–10% of the virial 
radius24. Ions with energies well below Ec propagate diffusively in 
the turbulent magnetic field of the cluster. The confinement, which 
could last for roughly 1–10 Gyr depending on the particle energy, 
leads to efficient interactions of cosmic-ray nuclei with baryons 
and infrared background photons in the cluster, producing pions 
that decay into neutrinos and γ -rays via ̄ ̄π ν ν ν ν→ + + +μ μ

± ±( ) ee e  
and π0 →  2γ , respectively. Finally, particles that leave the cluster 
propagate to the Earth through the intergalactic medium and 
extragalactic magnetic fields. UHECRs from sources beyond the 
energy-loss horizon are depleted via photodisintegration, pho-
tomeson production and Bethe–Heitler pair production processes 
with the CMB and the EBL, producing cosmogenic neutrinos  
that peak around EeV energies and γ -rays that cascade down to 
GeV–TeV energies.

We numerically simulate the propagation of cosmic rays in the 
magnetized ICM and from the source to the observer. We assume 
that a jetted source as a cosmic-ray accelerator can be anywhere in 
the core of a cluster with equal probability. We inject five representa-

tive groups of elements: hydrogen (1H), helium (4He), nitrogen (14N), 
silicon (28Si) and iron (56Fe) according to the abundances of elements 
in Galactic cosmic rays (see Supplementary Information for details), 
and let each group follow the same power-law spectrum with a cut-
off above the maximum rigidity, ∕ ∝ − ∕−N R R R Rd d exp( )s

inj max
acc ,  

where R =  E/Ze is the rigidity, sacc =  2.3 and Rmax =  2 ×  1021/26 V. 
We assume that ions are confined up to tinj =  2 Gyr, given that the 
peak period of AGN activity effectively lasts for around 2–3 Gyr 
(see Supplementary Information for discussions on model uncer-
tainties and details). The redshift evolution of the source density is 
taken to be F(z) =  (1 +  z)3 up to zc =  1.5, but its moderate variations 
barely impact our results. The cumulative flux10 is obtained by:

∫ ∫Φ = π
̇
′

∞
E c z

H z
F z M n

M
N
E

M z( ) 1
4

d
( )

( ) d d
d

d
d

( , ) (1)
Mmin

where n is the halo number density, dn/dM is the halo mass func-
tion, H(z) is the Hubble parameter at redshift z, ̇ ∕ ′N Ed d  is the 
production rate of neutrinos (or propagated cosmic rays) from a 
given cluster with a redshifted energy E′  =  (1 +  z) E. We consider 
clusters with a halo mass above Mmin =  5× 1013 M⊙ (corresponding 
to ~1011 M⊙), which present higher radio-loud AGN fractions23. For 
the intergalactic propagation, we assume that cosmic rays from a 
galaxy cluster have 50% chance of encountering magnetic structures 
with an average strength of 2 nG and a coherence length of 1 Mpc.

Figure 1 shows the integrated spectra of UHECRs and neutrinos 
from overdense regions with black hole jets. The normalization of 
the spectra is determined by a combined fit to the Auger spectral and 
Xmax  data above 1018.45 eV, and the IceCube data above 2 ×  1014 eV. 

The goodness fit results in χ2 =  44.5 for 30 degrees of freedom, cor-
responding to a P value of 0.043 for this fiducial case. The cosmic-
ray confinement in the lobe and the host cluster makes the injection 
spectrum harder below the second knee10,13. The spectral shape 
is in agreement with measurements by both Auger and TA above 
1018 eV. Primary and secondary cosmic-ray particles received by the 
observer are divided into two composition groups: light (including 
H and He) and intermediate/heavy (including CNO, Si, Mg, Fe), 
with the two crossing around 1019.5 eV. The mean of the maximum 
depth of an air shower, Xmax , which depends on the mass of the 
UHE nucleon or nucleus, is shown in Fig. 2. The trend follows the 
Xmax  data measured by Auger. Below 1018 eV, accounting for a 

Galactic contribution with Φ ∝  E−3.4, the predicted cosmic-ray spec-
trum matches the light component of the KASCADE-Grande data16.

The neutrino spectrum is composed of two parts. Between 
1014 eV and 1017 eV, it is mostly contributed by particle interac-
tions in the ICM. It agrees with the IceCube measurements above 
1014 eV. The low-energy neutrino spectrum is harder than that of 
accelerated cosmic rays, and the spectral steepening above 1015 eV 
results from the faster escape of higher-energy cosmic rays. Above 
1018 eV, the neutrino flux is dominated by the cosmogenic neutrinos 
produced when UHECRs interact with the CMB and the EBL, and 
is consistent with the IceCube constraints at extremely high ener-
gies18. Likewise, the observed sub-TeV γ -rays are produced both in 
the ICM and during intergalactic propagation2. Thanks to the hard 
injection spectrum, the total γ -ray flux largely originates from elec-
tromagnetic cascades, and is consistent with the non-blazar com-
ponent of the EGB15. In addition to the hard γ -ray spectrum, our 
model also predicts a dominance of low-mass clusters, and the γ -ray 
and radio limits from individual clusters25 can be satisfied.

The chance of previously or currently having active jets in a 
cluster, fjet, and the average cosmic-ray luminosity of contained 
active galaxies per cluster, LCR, are left as free parameters. Assuming 
LCR ~ 1044–1045 erg s−1, we obtain fjet ~ 10–100%. This is consistent 
with duty cycles of the accretion-driven evolution of black holes26. 
The number density of clusters and groups with a mass above 
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Fig. 1 | Extragalactic multi-messenger (UHECR, high-energy neutrino and 
γ-ray) background spectra. Measurements from the KASCADE-Grande16, 
Telescope Array and Telescope Array Low Energy extension (TALE)5, Pierre 
Auger Observatory4 (with Auger energy scaled up by 5% and TA energy 
scaled downed by 9% to match the two measurements28), IceCube8,9 and 
Fermi Gamma-Ray Space Telescope14,15 are used for comparison. The total 
cosmic-ray spectrum (solid red) is decomposed into two composition groups: 
light (dashed red; H and He) and medium-heavy (dotted red; CNO, Si, Fe). 
PeV neutrinos (solid blue) are produced by interactions between cosmic rays 
and the ICM (dashed blue), and by UHECRs interacting with the CMB and EBL 
during their intergalactic propagation (dash-dotted blue). The upper bound 
on the neutrino flux of UHECR nuclei (for sacc!= !2.3) is shown for reference 
(dashed grey)29. The γ -ray counterparts (solid black for the total flux and dash-
dotted black for γ -rays produced in the ICM) are comparable to the non-blazar 
component of the EGB measured by the Fermi Gamma-Ray Space Telescope15.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE PHYSICS | www.nature.com/naturephysics

K. Fang and K. Murase, Nature Physics 14 (2018) 396

10 orders of magnitude 
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→ energy generation 
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A. De Angelis  et al.
MNRAS 432, 3245–3249 (2013)
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Galactic Centre

Auger γ

H.E.S.S. 
MAGIC
VERITAS 
CTA

CMB

γ-ray horizon

⊕ straight lines
⊕ unexplored at >1017 eV
⊖ UHE Horizon < 10 Mpc
⊖ no clean probe of 
    hadron acceleration

HE-Neutrino Sky

IceCube, EPJ 2019 (arXiv:1811.07979)

⊕ straight lines
⊕ clean hadronic probe
⊖ Horizon = Hubble ⇒ isotropic
⊖ (non bursting) point sources difficult

UHECR Sky
above 40 EeV

Auger & TA Working Group at ICRC 2019

⊕ the only direct probe
⊕ probes extreme accelerator
⊕ chemical composition
⊕/⊖ Horizon some 100 Mpc
⊖ deflection in magnetic fields

CRs⌫
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13

�
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GWs

The High Energy Cosmic Messengers

Merging Binary ObjectsLIGO & Virgo
completed MM observations
(GW170817 great breakthrough)

proton γ 

ν
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γ

cosmic rays
E > 1019eV

Galaxy
B ~ μG

�(E,Z) ⇥ 0.8�
�

1020 eV
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⇥ ⇤
L

10 Mpc

⇤
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1 Mpc

�
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1 nG

⇥
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Intergalactic Space
B ~ nGν

Photons, Neutrinos, 
Gravitational Waves 
propagate on straight lines 
but may not probe Zetatrons

!

Towards identifying 
the sources of UHECR
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Intergalactic Space
B ~ nGν

Photons, Neutrinos, 
Gravitational Waves 
propagate on straight lines 
but may not probe Zetatrons

!

If we were able to select protons, 
sources would be visible ⇒ AugerPrime

Towards identifying 
the sources of UHECR

Ideally, select protons as primaries
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Particle & Radio Footprint at GroundFluorescence Light 

Multi Hybrid Detection of EASextremely high        
energy nuclear 

collisions

Primary particles initiate 
          an extensive air shower

light trace
at night-sky
(calorimetric) IACT needs to be

within 100 m from core



Multi Hybrid Detection of UHECR: Auger Observatory
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• 27 Telescopes to measure light trace 
   of EAS in atmosphere 
• integrated light intensity → CR energy 
• 13% duty cycle 

• 1660 Water Cherenkov detectors on 
   1.5 km grid to measure footprint of 
   particles at ground 
• 100% duty cycle 
• cross calibrated with FD-telescopes 
   with hybrid events

• 153 radio antennas for 
   em-radiated energy 
• 18 km2 area 
• 100% duty cycleCentral campus with 

visitors center

Nucl. Instr. Meth. A798 (2015) 172

3000 km2 area
Argentina (Malargüe)

• 1400 m altitude
• 35° S, 69° W

❶

❷

❸
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A quadruple event 
4 Telescopes + 20 km2 Footprint
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Central campus with 
visitors center

Nucl. Instr. Meth. A798 (2015) 172
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Nucl. Instr. Meth. A798 (2015) 172
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 OBSERVATORY 

 

Example of a 3·1019 eV EAS event in FD

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

<Xmax>

RMS(Xmax)
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Author's personal copy

The first inelastic interaction of the primary particle of energy E
and mass A with an atmospheric nucleus occurs at an average
depth which is equal to interaction length for inelastic nucleus-
air collisions, kA!air. In this and each consecutive interaction about
one third of the primary energy is transferred from the hadronic to
the electromagnetic component of the shower via decays of neutral
pions into photons. The energy transfer continues until the charged
hadrons decouple from the shower by decay into muons and neu-
trinos, i.e. until their interaction length becomes larger than their
decay length (see next section). If the charged hadrons start to de-
cay on average after nd interaction lengths, then the energy in the
electromagnetic component is

Ecal " E 1! 2
3

! "n d
! "

: ð1Þ

Since nd P 5 for energies P1015 eV [45], it follows that most of the
energy of an air shower can be observed in its electromagnetic part
and it is this so-called calorimetric energy which allows detectors
that can observe the longitudinal air shower development to esti-
mate the primary energy with good accuracy.

Given this estimator of the energy of the primary particle, the
orthogonal variable sensitive to its primary mass is the slant depth
at which the particle cascade reaches its maximum in terms of the
number of particles, Xmax. This shower maximum is dominated by
electromagnetic sub-showers produced in the interaction with
the largest inelasticity which is usually (though not always) the
first interaction. An electromagnetic shower of energy E reaches
its maximum at about

Xemag
max

# $
" X0 ln E=eem

c ; ð2Þ

where X0 " 36.62 g/cm2 is the radiation length in air and
eem

c " 84 MeV is the critical energy in air at which ionization
and bremsstrahlung energy losses are equal. If the total multiplicity
of hadrons produced in the main interaction is N and the average
hadron energy is E/N, then the shower maximum of a primary
proton is

Xp
max

# $
" kp þ X0 ln

E
2Neem

c

! "
; ð3Þ

where both the hadronic interaction length and particle production
multiplicity are energy dependent. The factor 2 takes into account
that neutral pions decay into two photons. Furthermore, the shower
maximum is expected to be influenced by the elasticity of the first
interaction, jela = Elead/E, where Elead is the energy of the highest en-
ergy secondary produced in the interaction. For interactions with
jela > 0.5 most of the primary energy will be transferred deeper into
the atmosphere and correspondingly the shower maximum will be
deeper. We are not aware of a consistent treatment of the elasticity
within a Heitler model for the longitudinal development, however
using air shower simulations, the dependence on the elasticity fits
well to

Xp
max

# $
" kp þ X0 ln

jelaE
2Neem

c

! "
: ð4Þ

The elongation rate [46–48] is a measure of the change of the
shower maximum per logarithm of energy,

D ¼ dhXmaxi
d ln E

: ð5Þ

For protons and constant elasticity Eq. (4) gives

Dp ¼
d Xp

max

# $

d ln E
" X0ð1! BN ! BkÞ ð6Þ

where the changes in multiplicity and interaction length are given
by

BN ¼
d ln N
d ln E

and Bk ¼ !
kp

X0

d ln kp

d ln E
: ð7Þ

Since hadronic interaction models predict an approximately loga-
rithmic decrease of kp with energy and N / Ed, Dp is approximately
constant and therefore

Xp
max

# $
" c þ Dp ln E; ð8Þ

with parameters c and Dp being dependent on the characteristics of
hadronic interactions. Using the aforementioned (semi-) superposi-
tion assumption, one obtains

XA
max

D E
¼ Xp

maxðE
0 ¼ E=AÞ

# $
¼ c þ Dp lnðE=AÞ ð9Þ

and at a given energy the average shower maximum for a mixed
composition with fractions fi of nuclei of mass Ai is

hXmaxi "
X

i

fi XAi
max

D E
¼ Xp

max

# $
! Dphln Ai: ð10Þ

This equation explicitly demonstrates the relation of hXmaxi to the
average logarithmic mass of the cosmic ray composition,
hln Ai ¼

P
ifi ln A.

The numerical value of Dp from air shower simulations is about
25 g/cm2 (or about 60 g/cm2 for the change in hXmaxi per decade,
Dp

10 ¼ lnð10ÞDp) and therefore proton and iron induced air showers
are expected to differ by around Dp(ln 56 ! ln 1) " 100 g/cm2.
Moreover, if the hadronic cross sections and multiplicities rise with
energy (and if there are no sudden changes in the elasticity as
for instance suggested in [49]), then Eq. (7) leads to Linsley’s
elongation rate theorem which states that the value of Dp cannot
exceed the radiation length in air, X0. Therefore, Eq. (10) implies
that if an experiment measures an elongation rate of D > X0,
then a change in the cosmic ray composition from light to heavy,
dhln A i/d ln E > 0, must be responsible for that larger value.

Results of air shower simulations of hXmaxi and Ecal are shown in
Fig. 1. As can be seen, the calorimetric energy is indeed a good
proxy for the primary energy and exhibits only small shower-to-
shower fluctuations. And, as expected from the relations sketched
above, the shower maximum penetrates deeper into the atmo-
sphere with the logarithm of the energy and is shallower for heavy
nuclei than for light ones. The shower-to-shower fluctuations in
Xmax are however large and even extreme compositions like pure
proton vs. pure iron have a considerable overlap in their Xmax-
distributions.

However, these fluctuations carry interesting information about
the primary particle types and/or the ‘mixedness’ of the cosmic ray
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Fig. 1. Air shower simulation of the shower maximum vs. calorimetric energy.
Contour lines illustrate the regions which include 90% of the showers and the inset
shows a detailed view at 1020 eV.

662 K.-H. Kampert, M. Unger / Astroparticle Physics 35 (2012) 660–678
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Surface Detector (SD)
507 plastic scintillator SDs 

1.2 km spacing
~700 km2

Fluorescence Detector(FD)
3 stations

38 telescopes 

TA detector in Utah

4

3 com. towers

14 telescopes

12 telescopes

12 telescopes

Refurbished HiRes

39.3°N, 112.9°W
~1400 m a.s.l.

Middle Drum
(MD)

Black Rock Mesa (BR)

Long
Ridge
(LR)

CLF

ELS

2014/3/20 H. Sagawa @ VHEPA2014 FD and SD: fully operational
since 2008/May
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Auger and TA

21

Pierre Auger Observatory 
Province Mendoza, Argentina  
1660 detector stations, 3000 km2 
27 fluorescence telescopes

Telescope Array (TA) 
Delta, UT, USA 
507 detector stations, 680 km2 
36 fluorescence telescopes 
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Auger UHECR Energy Spectrum
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Auger Collaboration
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Comparison of Auger and TA spectra
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Energy shift of +5.2% (Auger) and –5.2% TA makes 
them to agree up to the spectral cut-off

As measured by each Observatory in 
their declination ranges

Auger-TA working group, PoS(ICRC2019)235 

1610 1710 1810 1910 2010

]2
eV

-1
sr

-1
yr

-2
J(E

) [
km

3 E

3710

3810

TA, ICRC 2019
Auger, ICRC 2019

Primary Energy log(E/eV)

As measured by each Observatory in 
their declination ranges



1610 1710 1810 1910 2010

]2
eV

-1
sr

-1
yr

-2
J(E

) [
km

3 E

3710

3810

TA, ICRC 2019 (scaled down 10.4%)
Auger, ICRC 2019

Primary Energy log(E/eV)

Comparison of Auger and TA spectra
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Auger-TA working group, PoS(ICRC2019)234 

TA energy scaled down by 10.4%

Energy shift of +5.2% (Auger) and –5.2% TA makes 
them to agree up to the spectral cut-off



Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be

2

Features of the CR spectrum
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knee

2nd knee

ankle

Are these features caused 
by the CR sources, or are 
they an effect of  propagation ?

Emax / R⇥B ⇥ Z
<latexit sha1_base64="gnuMVevnB7f1QiIivtKLhOiLkak="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="F6tRm8F5I/hTxsQfEiKhdM19tmM="></latexit><latexit sha1_base64="LCRr5bmzpRiDIMF3v2pMUHnS3hA="></latexit><latexit sha1_base64="LCRr5bmzpRiDIMF3v2pMUHnS3hA="></latexit><latexit sha1_base64="HaerN/wt+WyVXu1vFP6rYRfWxu4="></latexit><latexit sha1_base64="HaerN/wt+WyVXu1vFP6rYRfWxu4="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="F6tRm8F5I/hTxsQfEiKhdM19tmM="></latexit><latexit sha1_base64="LCRr5bmzpRiDIMF3v2pMUHnS3hA="></latexit><latexit sha1_base64="LCRr5bmzpRiDIMF3v2pMUHnS3hA="></latexit><latexit sha1_base64="HaerN/wt+WyVXu1vFP6rYRfWxu4="></latexit><latexit sha1_base64="HaerN/wt+WyVXu1vFP6rYRfWxu4="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="AfnvyOvCLGITLJgnxzNucfkom1U="></latexit><latexit sha1_base64="HaerN/wt+WyVXu1vFP6rYRfWxu4="></latexit>

Acceleration and magnetic confinement:
cut-off



Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be

2

Features of the CR spectrum
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galactic CRs 
but Emax(accel) or diffusion 
losses remains an open issue
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Acceleration and magnetic confinement:



Rapporteur: Cosmic Ray Indirect Frank G. Schröder

Figure 1: Energy spectrum of high-energy cosmic rays obtained from air-shower measurements [1, 2, 3, 4, 5,
6, 7, 8, 9, 10]. Different measurement techniques have were by the experiments, and systematic uncertainties
have been investigated in varying detail. The effect of an uncertainty of the absolute energy scale is shown
exemplary for the Pierre Auger Observatory [13].

of our field remains important.

2. Energy Spectrum

Many collaborations provided new [2, 5, 7] or updated measurements on the cosmic-ray energy
spectrum [8, 9, 10]. In several cases, the energy range was extended towards lower energies by
dedicated analysis methods, and the quality of the measurement improved, e.g., by accumulating
additional statistics and by a thorough study of systematic uncertainties. Naturally, the spectra have
different quality, reaching from a simple proof-of-principle that an experiment works as expected,
to hybrid measurements featuring low systematic uncertainties. In particular, hybrid measurements
using fluorescence telescope have the advantage that the absolute energy scale relies on external
calibration measurements and features minimal dependence on hadronic interaction models. In
future, also radio measurements may provide an independent calibration of the absolute scale [11,
12].

Figure 1 shows energy spectra presented in the cosmic-ray indirect session and a selection of
spectra published earlier since not all experiments provided updates at this ICRC. Generally, the
spectra are in agreement with each other when taking into account statistical, systematic, and scale
uncertainties. Only at the very highest energies above the cut-off, there is some tension between
the flux measured by Telescope Array and the Pierre Auger Observatory that can only partly be
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GZK-effect, i.e. propagation effect ?

28Karl-Heinz Kampert - University of Wuppertal Lecture Series: Modern Astro- and Astroparticle Physics WS 2020/21

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)

1910

2010

 d
N/

dE
/d

t [
a.

u.
]

0
  n2 E

   injected

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)

1910

2010

 d
N/

dE
/d

t [
a.

u.
]

0
  n2 E

 injected

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)
0

10

20

30

40

50

60

70

80

3610×

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

  2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 

Auger 2017

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)

16−10

15−10

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

  [
a.

u.
]

τ
c 

interaction
escape

) = -6.00 Fe19
esclg(R
 = -0.500escδ

0.007± = -2.47
inj
γ

/eV) = 22.0 p
maxlg(E

 = -1.00galf
 = -2.00

gal
γ

lg(f(UHEp)) = -200.
=-2β=1.5, α = 0.11 eV, 0ε

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 604.975/142χ
spec: 604.975/15, lnA: 7771.37/24, VLnA: 474.76/24

evolution: SFR2, IRB: CRPropaG12

f(1)  = 1.0e+00

(56)= 1.0e+00galf

 = 2.1e+4517ε
 yr3Mpc

erg

proton fraction > 60 EeV: 100.%

17 18 19 20

lg(E/eV)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

〉
ln

 A
〈

 EPOS-LHC
*

Auger 2017

17 18 19 20

lg(E/eV)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

V(
ln

 A
)

GZK- 
effect

p-sources

Fe-sources

Why is there a „dip“ for propagated protons ?

pγ → Δ → p+π 

pγ → e+e– + p

Fe+γ → „Cr“ + p + n

first pointed out by V. Berezinsky et al., 2005
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Figure 3: Left: Evolution of the spectral index as a function of energy. The spectral indexes are
obtained from power law fits to the spectrum over sliding windows of 3 bins in log(E/eV). Right:
The energy spectrum from the combination of the different measurements.

to g3 = (3.2 ± 0.1). We confirm the suppression of the flux above ⇠ 5 ⇥ 1019 eV. The energy at
which the integral spectrum drops by a factor of two below what would be the expected with no
steepening is E1/2 = 14 ± 4 EeV, at variance with that expected for uniformly distributed sources
of protons, as also indicated by the results from our composition measurements.

2.2 Primary composition

The measurements of the depth of maximum development of the shower in the atmosphere
and of its fluctuations together with that of the primary energy provide us with the most reliable
information on the UHECRs composition. Indeed, hXmaxi is directly proportional to the logarithmic
mass of the primary particle, while its variance is a convolution of the intrinsic shower-to-shower
fluctuations and of the dispersion of masses in the primary beam.
At this conference, we presented an update to this measurement based on more than 47,000 hybrid
events, more than 1000 of which above 10 EeV [12]. Above 1017.8 eV, this corresponds to an
increase of 20% in statistics, while the lowest energy range is covered by the events collected by
the HEAT telescopes as presented in [13]. The evolution of hXmaxi and its standard deviation with
energy is shown in Fig.4. We measure an elongation rate for hXmaxi of 77±2(stat) g cm�2/decade
below E0 = 1018.32±0.03 eV and 26 ± 2(stat) g cm�2/decade above this energy. The result is in
agreement with our previous findings [13, 14] and points to a composition getting lighter up to E0

and going towards intermediate-heavy masses above it, at variance with the model expectations
for constant compositions, which suggest an elongation rate of ⇠ 60 g cm�2/decade in the whole
energy range. The evolution of s(Xmax) at the highest energies suggests a quite pure and heavy
composition, while in the lower energy range it is compatible with both a light or mixed one.
Converting the two moments of the Xmax distributions to those of the logarithmic primary mass lnA
as in [15], we concluded that the mass is lightest at E0, with lnA ⇠ 0.8 and 1.4 for EPOS-LHC and
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2  A  4 (grey), 5  A  22 (green), 23  A  38 (cyan), A � 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-
netic fields; they point back to their sources, making them ideal messengers in targeted searches.
While photons cover travel distances of the order of ⇠ 4.5 Mpc at 1 EeV, neutrinos allow us to
probe sources up to cosmological distances. Their fluxes depend on the properties of the sources
and on the composition of the primary beam. A copious production of n and g can be expected,
e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects
and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to
the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point
to a mixed composition.
The selection of photons in Auger is based on the fact that photon-induced showers present a more
elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing
the involvement of a lower number of SD stations in the events, and a reduced production of muons
with respect to hadronic showers [20].
Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers
above ⇠ 60�, the electromagnetic component is indeed almost completely absorbed in the atmo-
sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with
similar arrival directions, the first interaction would happen lower in the atmosphere, producing a
considerable amount of electrons and photons at the ground. Two main categories of events are
considered: Earth-skimming, induced by nt travelling from below the Earth crust in directions be-
tween 90� and 95� and producing a t lepton which can then generate a shower above the SD, and
downward-going events due to neutrinos of any flavour. Thanks to the larger grammage and to the
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Figure 3: Left: Evolution of the spectral index as a function of energy. The spectral indexes are
obtained from power law fits to the spectrum over sliding windows of 3 bins in log(E/eV). Right:
The energy spectrum from the combination of the different measurements.

to g3 = (3.2 ± 0.1). We confirm the suppression of the flux above ⇠ 5 ⇥ 1019 eV. The energy at
which the integral spectrum drops by a factor of two below what would be the expected with no
steepening is E1/2 = 14 ± 4 EeV, at variance with that expected for uniformly distributed sources
of protons, as also indicated by the results from our composition measurements.

2.2 Primary composition

The measurements of the depth of maximum development of the shower in the atmosphere
and of its fluctuations together with that of the primary energy provide us with the most reliable
information on the UHECRs composition. Indeed, hXmaxi is directly proportional to the logarithmic
mass of the primary particle, while its variance is a convolution of the intrinsic shower-to-shower
fluctuations and of the dispersion of masses in the primary beam.
At this conference, we presented an update to this measurement based on more than 47,000 hybrid
events, more than 1000 of which above 10 EeV [12]. Above 1017.8 eV, this corresponds to an
increase of 20% in statistics, while the lowest energy range is covered by the events collected by
the HEAT telescopes as presented in [13]. The evolution of hXmaxi and its standard deviation with
energy is shown in Fig.4. We measure an elongation rate for hXmaxi of 77±2(stat) g cm�2/decade
below E0 = 1018.32±0.03 eV and 26 ± 2(stat) g cm�2/decade above this energy. The result is in
agreement with our previous findings [13, 14] and points to a composition getting lighter up to E0

and going towards intermediate-heavy masses above it, at variance with the model expectations
for constant compositions, which suggest an elongation rate of ⇠ 60 g cm�2/decade in the whole
energy range. The evolution of s(Xmax) at the highest energies suggests a quite pure and heavy
composition, while in the lower energy range it is compatible with both a light or mixed one.
Converting the two moments of the Xmax distributions to those of the logarithmic primary mass lnA
as in [15], we concluded that the mass is lightest at E0, with lnA ⇠ 0.8 and 1.4 for EPOS-LHC and
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Energy spectrum alone cannot tell about origin 
of the cut-off, need mass composition in addition
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2  A  4 (grey), 5  A  22 (green), 23  A  38 (cyan), A � 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-
netic fields; they point back to their sources, making them ideal messengers in targeted searches.
While photons cover travel distances of the order of ⇠ 4.5 Mpc at 1 EeV, neutrinos allow us to
probe sources up to cosmological distances. Their fluxes depend on the properties of the sources
and on the composition of the primary beam. A copious production of n and g can be expected,
e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects
and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to
the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point
to a mixed composition.
The selection of photons in Auger is based on the fact that photon-induced showers present a more
elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing
the involvement of a lower number of SD stations in the events, and a reduced production of muons
with respect to hadronic showers [20].
Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers
above ⇠ 60�, the electromagnetic component is indeed almost completely absorbed in the atmo-
sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with
similar arrival directions, the first interaction would happen lower in the atmosphere, producing a
considerable amount of electrons and photons at the ground. Two main categories of events are
considered: Earth-skimming, induced by nt travelling from below the Earth crust in directions be-
tween 90� and 95� and producing a t lepton which can then generate a shower above the SD, and
downward-going events due to neutrinos of any flavour. Thanks to the larger grammage and to the
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2  A  4 (grey), 5  A  22 (green), 23  A  38 (cyan), A � 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-
netic fields; they point back to their sources, making them ideal messengers in targeted searches.
While photons cover travel distances of the order of ⇠ 4.5 Mpc at 1 EeV, neutrinos allow us to
probe sources up to cosmological distances. Their fluxes depend on the properties of the sources
and on the composition of the primary beam. A copious production of n and g can be expected,
e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects
and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to
the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point
to a mixed composition.
The selection of photons in Auger is based on the fact that photon-induced showers present a more
elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing
the involvement of a lower number of SD stations in the events, and a reduced production of muons
with respect to hadronic showers [20].
Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers
above ⇠ 60�, the electromagnetic component is indeed almost completely absorbed in the atmo-
sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with
similar arrival directions, the first interaction would happen lower in the atmosphere, producing a
considerable amount of electrons and photons at the ground. Two main categories of events are
considered: Earth-skimming, induced by nt travelling from below the Earth crust in directions be-
tween 90� and 95� and producing a t lepton which can then generate a shower above the SD, and
downward-going events due to neutrinos of any flavour. Thanks to the larger grammage and to the
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Picture: DESY, 
Science Communication Lab

If cut-off were dominated by GZK-effect….

1020 eV

p+ �CMB ! � ! p+ ⇡0! �
! n+ ⇡+! ⌫

Threshold energy: 2EpE� = m2
� �m2

p
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! Ep ' 6 · 1019 eV
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1019 eV… one would expect abundant flux
of cosmogenic neutrinos & photons

First proposed by Berezinsky and
Zatsepin, Phys. Lett. B28 (1969) 423



EeV Neutrino Limits challenge protons suffering GZK-losses
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Auger Collaboration, JCAP10 (2019) 022

Fe sources
mixed

p-sources

GZK effect should have 
given us 1-7 neutrinos

Observed: None

fraction of protons
estimated to < 20% 
at E>50 EeV
for m≥3.8 and zmax=5
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Resulting     Intermediate 
Mass Composition 
challenges source 

hunting!

All data from Auger suggest seeing 
sources reaching their maximum energy rather than 

protons suffering energy losses in CMB

sitting in the fog



Flux Map above 8 EeV
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Auger Collaboration, Science 357 (2017) 1266
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Galactic magnetic field, modelled as in (8). The tips of the arrows indicate the direction of the 
dipole of the flux arriving at the Earth, assuming a common value of E/Z = 5 EeV or 2 EeV 
for illustration. Given the inferred average values for Z ~ 1.7 to 5 at 10 EeV, these represent 
typical values of E/Z for the cosmic rays contributing to the observed dipole.  It is interesting 
that the agreement between the directions of the dipoles is improved by adopting reasonable 260 
assumptions about the charge composition and the deflections in the Galactic magnetic field. 
The deflections within the Galaxy will also lead to a lowering of the amplitude of the dipole 
to about 90% and 70% of the original value, for E/Z=5 EeV and 2 EeV respectively, for the 
direction considered. Note that the smaller amplitude present in the 4 EeV < E < 8 EeV bin 
might also be understood in terms of stronger magnetic deflections at lower energies.  265 

 
 

Fig. 3. 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 and the contours the 68% and 95% confidence-level regions. The 270 
dipole in the 2MRS galaxy distribution is indicated, while arrows show the deflections 
expected for a particular model of the Galactic magnetic field (8), for E/Z=5 EeV or 2 EeV. 

 

We have reported the observation of an anisotropy in the arrival direction of cosmic rays with 
energies above 8 EeV. The anisotropy is well-represented by a dipole with an amplitude of 275 
6.5!!.!!!.! % in the direction of right ascension αd=100±10° and declination δd=−24!!"!!"°. By 
comparing our results with phenomenological predictions, we find that the magnitude and 
direction of the anisotropy support the hypothesis of an extragalactic origin for the highest-
energy cosmic rays over the presumption that the particles originate within the Galaxy. 

 280 

 

Galactic coordinates

galactic plane

smoothed with 45° top-hat dipole direction
(`, b) = (233�,�13�)

GC

First harmonic in right ascension:
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Flux Map above 8 EeV
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Auger Collaboration, Science 357 (2017) 1266

Galactic centre

equatorial coordinates

galactic plane

smoothed with 60° top-hat
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Evolution with Energy: 4-8 EeV
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Auger Collaboration, ApJ 868 (2018) 1

map smoothed with 45° top-hat
Galactic coordinates

all maps with identical color scale
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Anisotropies of the highest energy Auger events Lorenzo Caccianiga

Figure 1: Map in Galactic coordinates of the local significance found when searching for excesses in circular
windows with 27� radius above 38 EeV. The post-trial p-value for the most significant excess is 2.5%. See
text for details.

energy events that have large footprints on the array. By applying these cuts, we select the highest
possible number of events while guaranteeing an accurate reconstruction and exposure estimation.
The total number of events selected this way is 2157, with an exposure of 101,400 km2 sr yr.

4. Analyses

4.1 Search for overdensities

The first analysis performed is a model-independent blind search for overdensities over the
whole field of view. The search for overdensities was performed with the same methodology used
in [6]. The method applied looks for excesses with respect to isotropic expectation in circular
regions centered on a 1� � 1� grid covering the whole field of view. The radius of the circular
regions, � was varied from 1� to 30� in 1� steps. Also the energy threshold of the events was
varied from 32 EeV to 80 EeV in 1 EeV steps. The Li-Ma significance was computed for each
excess (or deficit) and then penalized for the scanning trials. This penalization was computed by
generating simulated isotropic sets of the same size as the real one and counting how many of them
showed an excess with a significance equal or larger than the largest found in our data. The most
significant excess is found for E > 38 EeV at equatorial coordinates R.A. = 202�,� = �45� in a 27�

radius. In that window, we observe 188 events while we expect 125 from an isotropic distribution
of cosmic rays. The local Li-Ma significance is 5.6� . When performing the same analysis with
random isotropic samples 2.5 % gave an excess of equal or higher significance than the one found.
The map of the local significance for E > 38 EeV in 27��radius windows over the whole sky is
shown in figure 1.

4.2 Correlation with the direction of Cen A

Centaurus A is the nearest radio-loud active galaxy, at a distance of less than 4 Mpc. The

76

Evolution with Energy: >38 EeV
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Auger Collaboration, PoS(ICRC2019)206

map smoothed with 27° top-hat
Galactic coordinates
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Evolution with Energy: >60 EeV
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Auger: ApJL 853:L29 (2018)

map smoothed with 7° top-hat
Galactic coordinates
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Centaurus A:  A source of UHECR?
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Auger Collaboration, PoS(ICRC2019)206
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⇒ post trial significance: 3.9σ

E > 37 EeV

Cen A suggestive, but more structure 
than a single source



The Usual UHECR Source Suspects
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Swift-BAT 2MRS SGB γAGN VCV

Adapted from
M. Unger

• Swift-BAT X-ray-selected galaxies, D < 250 Mpc,  Φ > 1:3×10-11 erg/(cm2 s), w: 14-195 keV
• 2MRS IR-selected galaxies, D > 1 Mpc, w: K-band
• SBG: 23 nearby starburst galaxies,  Φ > 0.3 Jy, w: radio at 1.4 GHz 
• γAGN: 17 3FHL blazars and radio galaxies, D < 250 Mpc, w:  γ-ray 10 GeV - 1 TeV

in all cases em-radiation used as proxy for UHECR luminosity



Understanding the UHECR Sky
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…maximises degree of correlation with observed UHECR sky

Starburst Galaxy Model

Sources assumed to emit UHECR spectrum and composition 
according to results from combined fit. 
Propagation effects (attenuation) fully accounted for.

Auger: ApJL 853:L29 (2018)

Auger data map at E>38 EeV

all in galactic coordinates

Assume, starburst galaxies produce
UHECR with LUHECR ∼ Lγ @ 1.4 GHz

    smear sources to account for B-field deflections

Model Flux Map - Starburst galaxies  E>38 EeV

32 most bright sources included19% 6%

16%

14%

6%

12%

5 named sources contribute 75% of total flux

14

Model Excess Map

Add isotropic background (allow background sources a/o 
larger deflections by heavy primaries), such that model map…

not seen by
Auger

not seen by
Auger
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Parameter space

Test Statistic & 2D-Profiles
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Result: SBG-model fits data 
better than isotropy at 4.5σ 

Auger: ApJL 853:L29 (2018), updated in PoS(ICRC2019)206

Two free parameters at each Ethr: 
smearing angle, anisotropic fraction 
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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 ી faniso TS Post-trial

Starburst 38 EeV 15ିସାହ° 11ିସାହ% 29.5 4.5 𝜎

𝛄-AGNs 39 EeV 14ିସା଺° 6ିଷାସ% 17.8 3.1 𝜎

Swift-Bat 38 EeV 15ିସା଺° 8ିଷାସ% 22.2 3.7 𝜎

2MRS 40 EeV 15ିସା଻° 19ି଻ାଵ଴% 22.0 3.7 𝜎

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

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

8

SWIFT Bat
2MRS



Many Candidate Sources in Excess Region
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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 ી faniso TS Post-trial

Starburst 38 EeV 15ିସାହ° 11ିସାହ% 29.5 4.5 𝜎

𝛄-AGNs 39 EeV 14ିସା଺° 6ିଷାସ% 17.8 3.1 𝜎

Swift-Bat 38 EeV 15ିସା଺° 8ିଷାସ% 22.2 3.7 𝜎

2MRS 40 EeV 15ିସା଻° 19ି଻ାଵ଴% 22.0 3.7 𝜎

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

Note: 15°smeareadFisher-Von Misses distribution  24±8°=15°×1.59׽top-hat
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Auger: ApJL 853:L29 (2018), updated in PoS(ICRC2019)206

Cen A
NGC 4945

M 83

South Galactic Pole region
well described by SBG model
no excess expected in γ-AGN

NGC 253

Circinus



TA Hot Spot (M82) may fit well into the SBG (2MRS) picture
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galactic coordinates joint full-sky analysis in progress …

Discussion
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Auger event map E>38 EeV

?
from Auger-TA working group

SBG model map Auger+TA UHECR sky map



Auger-TA Full Sky Analysis
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Full-sky UHECR anisotropy searches with Auger and TA A. di Matteo

Figure 4: Left: Flux of cosmic rays from the higher-energy dataset smoothed in 20�-radius (top) and 15�-
radius (bottom) circular windows (Hammer projection, equatorial coordinates), with the most significant
excess highlighted (red circle). Right: Corresponding local statistical significances against the isotropic null
hypothesis.

and in a 15�-radius window around (9h 30m,+54�) with 4.2s local significance,3 shown in fig. 4.
Taking into account the scan over window sizes and positions, these correspond to a 2.2s and a
1.5s post-trial significance respectively.

2.3 Search for excesses along the supergalactic plane or the Local Sheet

It has been pointed out that all the three most visible excesses in our higher-energy data (fig. 4)
are relatively close to the supergalactic plane, a well-known structure along which galaxy clusters
within several tens of Mpc of us are preferentially located, recognized by G. de Vaucouleurs in 1953.
They are also close to certain galaxies in the Local Sheet [16], a planar structure about 0.5 Mpc thick
and 10 Mpc across tilted by only 8� with respect to the supergalactic plane and including nearly
all galaxies within about 6 Mpc of us: namely, the excess region shown in fig. 4 (top) includes
NGC 4945, Cen A and Circinus; M83 is within 3� of its edge; and M81 and M82 are within 1� of
the edge of the one in Fig. 4 (bottom). The Local Sheet consists of the Local Group (the Milky Way
and M31, plus their satellites) near the center and the Council of Giants (twelve more large galaxies
and their satellites) in a ring surrounding it. It includes several starburst galaxies and an AGN, so

3This significance is not directly comparable to that in the TA-only study [15], because in this work we are using a
lower energy threshold (53.2 vs 57 EeV on the TA energy scale), and the deficit of events below 1019.75 eV [10] partially
cancels out the excess at higher energies, resulting in a weaker overall anisotropy.

5

equatorial coordinates 

Flux Map Significance Map

TA „Hot Spot“

Auger „Warm Spot“

TA M82 region shows stronger flux excess than Auger Cen A region 
but Auger Cen A is more significant (4.7σ vs 4.2 σ local sign.)

3σ correlation (within 20°) to SuperGalactic Plane
Auger-TA working group, PoS(ICRC2019)439 
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Next logical steps
more sta

tistics
… and even better data…

Source hunting best for light primaries → proton enriched astronomy

Need composition information in each shower (not just 10%)

Enhance surface detector array

… TA*4
… AugerPrime



TA*4
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SD: 700 ➔ 2800 km2 
• 500 new SD stations on 2.08 km spacing 
• 2 new FD stations 
• Optimized for UHECR above cutoff  
  (fully efficient above ~60 EeV) 
→ hot spot verification

To study more about the highest energies and 
clarify the implication obtained by TA

500 new SDs with 2.08 km spacing
and TA SDs cover
4×TA SD detection area (~3000 km2)

Construction is ongoing.

2 new Fluorescence Detector (FD) stations       
(4+8 HiRes Telescopes)

First light was observed by north FD station

Construction of south FD station is ongoing.

Spacing: 1.2 km

Configuration of 
Detectors

50% of stations 
already deployed

☜ prime goal

go for size
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currently very busy 
with deployment

Key Elements of AugerPrime

51

Scintillators on top of each Water Cherenkov Tank
(non invasive, fast to install, robust technology, relatively inexpensive)

Measure primary mass with 10 times better statistics
• 3.8 m2 scintillators (SSD) on each 
  1500 m array stations improve e/µ discr.

• upgrade of station electronics

• additional small PMT to increase 
  dynamic range

• buried muon counters in 750 m array 
  (AMIGA)

• increased FD 
  uptime

get rid of the fog…

currently very busy 
with deployment



Radio added to each station
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Precision shower physics (for vertical showers)
in dense region of Pierre Auger observatory

Hörandel Part B2 Auger-Horizon 
 

 4 

The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 

direct verification of deconvolution matrices 
(SSD/WCD) with measured showers

study hadronic interactions

water Cherenkov detector —> e/m + muons
underground muon detector (AMIGA) —> muons

radio detector—> e/m
scintillator (SSD) —> e/m + muons

clean separation of shower components

Motivation: extend composition enhanced 
                  anisotropy studies to inclined showers

Note: scintillators offer little X-section 
to inclined showers

Jörg R. Hörandel, UHECR, Paris 2018

Width of radio footprint

dedicated AERA simulations incl. 
noise and detector!

-!
AERA-SD-FD Hybrid data

Johannes Schulz 6

footprint width footprint width
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Measurement of particle type
attention:
type of particle determined
for vertical showers:
   size of footprint
   geometrical measurement

for horizontal showers:
   electron/muon ratio 
   important: radio emission not absorbed in atmosphere

��������	� 	�
����������


���
��������
�
�

�����	����
����
�����
�
�

�������	��

��
	�
��������
�
�

�	��



(a) (b)

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 anglesradio antennas will see em-part and water Cherenkov 

detectors will see µ-part of inclined showers
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Looking beyond Auger and TA
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and the fluctuations about the mean of the maximum �max for energies well past current
leading observations by Auger.

FIG. 3: The range of POEMMA’s exposure growth as compared to current ground-based UHECR
experiments depending on observation modes: from the nadir to limb observations. The figure
from [29] shows the 5� confirmation of current hints for source location: the TA hotspot [25, 26]
and the Auger correlation with starburst galaxies and gamma-ray emitting active galaxies (�AGN)
[27].

In addition to spectral and composition measurements, a crucial step in unveiling the
origin of UHECRs is the localization of sources in the sky distribution of their arrival
directions. Since UHECRs are charged and magnetic fields fill the Galactic and extra-
galactic media, pointing to sources is best achieved at the highest energies (or rigidities).
The typical deflection of a UHECR of energy E and charge Z (in units of proton charge)
in an extragalactic magnetic field B ⇠ 1 nG [20] is �✓ ⇡ 1.5� Z (10 EeV/E), for a source at 4
Mpc and a magnetic field coherence length of about 100 kpc [21, 22]. The deflections when
crossing the Galaxy can be somewhat larger [23] �✓ ⇠ 1� Z (100 EeV/E), depending on the
UHECR arrival path. These deflections suggest that large statistics of events above 10s of
EeV is necessary for small-scale anisotropies to be observed around source positions in
the sky.

To date the only high-significance departure from an isotropic sky distribution of
UHECRs is a dipole anisotropy reported by the Auger collaboration above 8 EeV with
an amplitude A = (6.5+1.3

�0.9)% pointing in the direction (l, b) = (233�,�13�) ± 10� in Galactic
coordinates [24]. This important milestone confirms the expectation that the sources of
UHECRs are extragalactic, as the dipole shows no correlation with the Galactic plane.
Hints of clustering in the sky distribution have been reported for energies above ⇠ 40
to 60 EeV: a hotspot reported by TA [25, 26] and Auger reports a significant correlation
with starburst galaxies (SBG) and a weaker association with gamma-ray emitting active
galactic nuclei (�AGN) [27]. These hints can reach 5� significance with a dramatic increase

7

Nadir observations: 
high-resolution fluorescence, 
optimised for stereo

Limb observations: 
high-resolution fluorescence, 
optimised for stereo

Nadir-Mode

Limb-Mode
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•  UHECR full sky maps with high statistics
• Southern hemisphere with enhanced by composition info
• Verify proton component at highest energies in MM approach
• Long term goal: Study spectrum and composition of 

individual UHECR sources

Next years will be most exciting!

Thanks for your attention!




