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Adapted from Kumiko Kotera

Multi-Messenger 
Astrophysics

ν
γGW

p ….  O, Si…

CR

GW

ν γ

Underlying physics 
connects the messengers

→ Measuring all of them is more than 
the sum of the individuals !

Overarching goal: 
learn about the most powerful 
accelerators in the Universe 
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Particle Physics in Space
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Multi-Messenger in Particle Physics
Note, particle and nuclear physics experiments also employ a suit of detectors 
to identify pions, kaons, protons, nuclei, electrons, photons, in the same event….



Karl-Heinz Kampert - University of Wuppertal ISAPP School 2025, Lecce77

Multi-Wavelength Astronomy
radio 408 MHz

H-line 1420 MHz

radio 2.5 GHz

molecular H

IR

mid-IR

near IR

optical

X-ray

GeV γ-ray

synchron radiation of electrons

Ortho⇔ Para hydrogen

H2 transitions

star formation

stars

hot gas, CR interactions…

CR interactions with ISM
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Multi-Wavelength Astronomy

100 TeV band

Recently, LHAASO has measured TeV-fluxes in the 
galactic plane that are higher by a factor of 2~3
than predictions (the local CR interaction with ISM)
unresolved sources or propagation effect?

PRL 131:151001 (2023)

inner region of GP

outer region of GP

expected

expected

pCR + pISM → π0 → 2γ ?
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Multi Wavelength + Neutrinos
Photons at different wavelength plus neutrinos

optical

MeV-GeV γ 

ν from π0  predicted

ν analysis expected

ν analysis observed

IceCube (Science 2025)

pCR + pISM → π± → ν



Karl-Heinz Kampert - University of Wuppertal ISAPP School 2025, Lecce1010

Let’s define MM …
MM is a natural generalisation of Multi-Wavelength Astrophysics  
to include any other messenger, such as neutrinos, gravitational waves, 
cosmic rays, …

These messengers may all be produced within the astrophysical source, 
or may be produced during propagation.

⇒ by doing MM, we learn about environment within the sources and
    about the medium through with the messengers have propagated
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Let’s define MM …
One more level of complexity:

Special case: transient events (time-domain studies)
→ relative signal strength as a fct of time
→ different time profiles of messengers
→ different morphologies (also known from MW-Studies)

⇒ Learn about source properties
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Further Reading
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Schematic Picture of MM Transients
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Figure 5

Schematic picture of various high-energy multi-messenger transients.

Table 1 List of multi-messenger transients that can be promising emitters of high-

energy neutrinos and/or gravitational waves.

Source Rate density EM Luminosity Duration Typical Counterpart

[Gpc�3 yr�1] [erg s�1] [s]

Blazar flarea 10� 100 1046 � 1048 106 � 107 broadband

Tidal disruption event 0.01� 0.1 1047 � 1048 106 � 107 jetted (X)

100� 1000 1043.5 � 1044.5 > 106 � 107 tidal disruption event (optical,UV)

Long GRB 0.1� 1 1051 � 1052 10� 100 prompt (X, gamma)

Short GRB 10� 100 1051 � 1052 0.1� 1 prompt (X, gamma)

Low-luminosity GRB 100� 1000 1046 � 1047 1000� 10000 prompt (X, gamma)

GRB afterglow < 1046 � 1051, > 1� 10000 afterglow (broadband)

Supernova (II) 105 1041 � 1042 > 105 supernova (optical)

Supernova (Ibc) 3⇥ 104 1041 � 1042 > 105 supernova (optical)

Hypernova 3000 1042 � 1043 > 106 supernova (optical)

NS merger 300� 3000 1041 � 1042 > 105 kilonova (optical/IR)

1043 > 107 � 108 radio flare (broadband)

BH merger 10� 100 ? ? ?

WD merger 104 � 105 1041 � 1042 > 105 merger nova (optical)

a
Blazar flares such as the 2017 flare of TXS 0506+056 are assumed for the demonstration.

Abbreviations: BH, black hole; EM, electromagnetic; GRB, gamma-ray burst; NS, neutron star; WD,

white dwarf.

4.1. Blazar Flares

In general, blazars are highly variable objects that show broadband spectra from radio, op-

tical, X-ray, and gamma-rays. In the standard leptonic scenario for SEDs, the low-energy

and high-energy humps are explained by synchrotron emission and inverse-Compton radia-

tion from non-thermal electrons, respectively. For BL Lac objects that typically belong to a

low-luminous class of blazars, seed photons for the inverse-Compton scattering are mainly

supplied by the electron synchrotron process. In contrast, flat-spectrum radio quasars (FS-

14 Murase and Bartos

Kohta Murase & Imre Bartos; Annu. Rev. Nucl. Part. Sci. 2019 AA:1-36
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02/1987: Birth of Multimessenger Astrophysics

15Karl-Heinz Kampert – University Wuppertal

Supernova 1987a  
Located in Large Magellanic Cloud @ 50 kpc
~ 17 MSolar → Neutron Star (yet unobserved)

ESO

Lightcurve 
Neutrino-Emission (~19 neutrinos)
~3 hrs before light arrived at Earth 

• understanding core-collapse SN 
• models of stellar evolution 
• nucleosynthesis of heavy elements  
• expansion of ejecta 
• circumstellar material 
• ….

Now a cornerstone of modern astrophysics 

ISAPP School 2025, Lecce
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08/2017: Big Bang of Multimessenger Astrophysics

18

Neutron Star Merger GW 170817 
observed in GWs and in a broad range of
electromagnetic radiation with strong 
bounds on HE neutrino emission

Joint publication by > 3000 authors (LHC scale)

Sientic Beathroug  2017

By now ~600 Publications with „Multi-Messenger“ in their title 
with a total of ~16000 citations 
Most cited: ApJL 2017 joint observation paper (~4000 citations by now)

2017

Karl-Heinz Kampert – University Wuppertal ISAPP School 2025, Lecce
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Themes of HE MM-Astrophysics
•Cosmic Particle Acceleration 

- How and where are cosmic rays accelerated? 
- Does Nature impose any energy limits? 
- How do CRs propagate through space? 
- What is their impact on the cosmic environment? 

•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 ?

19Karl-Heinz Kampert – University Wuppertal
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Outline

Some generalities about MM Astrophysics
• Comparison of messengers and techniques
• GZK-effect and Cosmogenic Photons and Neutrinos
• GW170817
• TXS 0506-056, BNS-Mergers and other transient events
• Upwards-going EAS and new physics ?
• Search for BSM particles
• Prospects



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

10 orders of magnitude 
in energy, but
E2·Φ  is about the same
in UHECRs, ’s and ’s 
→ energy generation 
     rates per decade in E
     are the same

γ ν

Suggests again a 
common / related 

origin

extragalactic 
    CRs

extragalactic Neutrinosextragalactic gamma ray 
background
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How far can you see?

Andromeda
(700 kpc)



Is there a „Best“ Messenger ?
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A. De Angelis  et al.
MNRAS 432, 3245–3249 (2013)

23

Galactic Centre

Auger γ

H.E.S.S. 
MAGIC
VERITAS 
CTA

γ-ray horizon

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

�
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• at 2 PeV one can hardly see the galactic centre 
due to pair production:  

 PeV)  10 kpc

• 0 TeV)  some 10 Mpc

• 0 PeV)  few Mpc

γHE + γCMB → e+e−

λMFP(1 ≃
λMFP(1 ≃
λMFP(1 ≃



Is there a „Best“ Messenger ?
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A. De Angelis  et al.
MNRAS 432, 3245–3249 (2013)

25

Galactic Centre

Auger γ

H.E.S.S. 
MAGIC
VERITAS 
CTA

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 2023

⊕ 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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CMB

PoS(ICRC2023)521
PoS(ICRC2023)521

Auger + TA anisotropy studies Lorenzo Caccianiga

Figure 6: Flux map (top row) and Li-Ma significance map (bottom row) at energies ⇢TA
Auger � 48.2 EeV

38 EeV with
a top-hat smoothing radius  = 25� in Equatorial (left) and Galactic (right) coordinates. The supergalactic
plane is shown as a grey line. In the left plot, the orange line represents the Galactic plane and the star the
Galactic center.

is crucial to reach definite results on the analysis of the arrival directions of UHECR. Moreover,
the cooperation between the two collaborations, now nearly a decade old, will be a key factor in
reaching this result in a faster and more definitely way.
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γ

cosmic rays
E > 1019eV

Galaxy
B ~ μG

26

Intergalactic Space
B ~ nGν

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

!

UHECR Astronomy

⇒ UHECRs arrive delayed wrt to photons and neutrinos

⟨tdelay⟩ ≈ 1.5 ⋅ 103 yrs × Z2 ( 1020 eV
E )

2

( d
10 Mpc )

2

( Lcoh
1 Mpc ) ( Brms

1 nG )

θ(E, Z) ≈ 0.8∘ ⋅ Z × ( 1020 eV
E ) d

10 Mpc
Lcoh

1 Mpc ( B
1 nG )



Time Delay of UHECRs in EGMF
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… after propagation over 32 Mpc

UHECRs cannot (directly) contribute to time-domain studies
but provide key information about UHE sources, intergalactic 

and galactic environment in other ways 
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γ Eyes to the High Energy Universe: IACT

28

~ 1o

~ 10 kmphoton

Ch
er

en
ko

v 
lig

ht

I. Jung / W. Hofmann

superposition of 
camera images
• light intensity: energy 
• intersection: direction 
• shape: primary particle

induced air shower

H.E.S.S. (Namibia)
4 telescopes of Ø=12 m 
1 telescope of Ø=28 m 

MAGIC (La Palma)

Two telescopes, 
mirror: Ø=17 m

Veritas (USA) A new branch of astronomy has emerged

tevcat.uchicago.edu/ 
250 confirmed sources by now:
PWN, starbursts, SNR, AGN, ….

CTA under construction
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γ Eyes to the High Energy Universe: detector arrays

29

LHAASO (China)HAWC (Mexico)

Sierra Negra, Mexico
● 4000 m a.s.l.
● ~20,000 m2

● 300 WCDs
● 345 outrigger detectors

Tibet Area
● 4410 m a.s.l.
● ~78,000 m2

● 3120 WCDs
● 5242 Scintillators
● 1188 Muon detectors 
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ν Eyes to the High Energy Universe: TeV Neutrinos

30

I. Jung / W. Hofmann

Alexander Kappes, EPS HEP 2009, Krakow 16. July 2009

Principle of neutrino detection

muon

!µnuclear
reaction

cascade

2

43°

!µ

µ
Time & position of hits

! (~ ") trajectory Energy

PMT amplitudes

deep ice or deep sea

Antares → Km3Net
in mediterranen sea

IceCube at South 
Pole

track like pattern from νµ → µ 
(CC interaction) 



Karl-Heinz Kampert - Bergische Universität Wuppertal ISAPP School 2025, Lecce

ν Eyes to the High Energy Universe: TeV Neutrinos

31

I. Jung / W. Hofmann

deep ice or deep sea Deployment of
km3net modules

Working at IceCube
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2017: Birth of Multimessenger 

32Karl-Heinz Kampert – University Wuppertal Epiphany 2022, Cracow (online)

γ

ν

GW

CR

By construction, a 
CR observatory is in 

general also a gamma, 
neutrino, and neutron-

observatory 

Moreover, MM physics 
is more than MWL and 

more than studying 
transient events (ToOs)

direction, time, 
waveform

direction, time, 
energy

direction, time, 
energy

direction, (time), 
particle type, 
energy Note, CRs delayed

wrt GW, γ, ν 

The Observables



UHECR Eyes to the High Energy Univserse: Auger
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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 cycle → Now 1500 antennas 

        on 2700 km2

Central 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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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)
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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

36

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 

same
  scale

Declination dependent exposure I
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Auger: 01/2004 - 12/2012
TA: 05/2008- 05/2012  

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

TA

Auger

Auger: started 01/2004
TA:      started 05/2008

Auger and TA can 
see the same sky

Auger exposure 
~8 times that of  TA

Declination

Ex
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su
re
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Auger: A 4    MM Observatory
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! Neutrons and charged CRs: Θ ≤ 80°

" UHE Photons: 30° ≤ Θ ≤ 60° 

# Down-Going Neutrinos: 60° ≤ Θ ≤ 90° 

$ Earth Skimming Neutrinos: 90° ≤ Θ ≤ 95° 

% HE BSM Particles: Θ > 95°

π

θ θ
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Cosmogenic  
Photons and Neutrinos
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891 972 events
~80 000 km2 sr yr exposure

2nd knee
ankle

9 events
6 events

5·1018

1.3·1019

4.6·1019

1.7·1017

in-step

Auger Collaboration
Phys. Rev. Lett. 125, 121106 (2020); Phys. Rev. D 102, 062005 (2020), Eur. Phys. J. C 81 (2021) 966; A. Brichetto, PoS(ICRC2023) 398 
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891 972 events
~80 000 km2 sr yr exposure

2nd knee
ankle

cut-off

9 events
6 events

5·1018

1.3·1019

4.6·1019

1.7·1017

in-step

Auger Collaboration
Phys. Rev. Lett. 125, 121106 (2020); Phys. Rev. D 102, 062005 (2020), Eur. Phys. J. C 81 (2021) 966; A. Brichetto, PoS(ICRC2023) 398 
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new feature, not known before

very steep and sharp suppression, ~E-5

Note, the sharpness of the breaks 
poses some challenges to their 

interpretation…
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891 972 events
~80 000 km2 sr yr exposure

2nd knee
ankle

cut-off

9 events
6 events

5·1018
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4.6·1019

1.7·1017

in-step
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threshold: EpEγ > (mΔ
2 - mp2)

⇒ EGZK ≈ 6·1019 eV

GZK-effect: Rapid Energy Loss of p & Nuclei in CMB

42

Greisen-Zatsepin-Kuz‘min (1966)

p

CMB

p
π 

A

CMB

photo-pion production

photo disintegration

➙ GZK-Horizon ~ 60 Mpc

p+ �CMB ! � ! p+ ⇡0

A+ �CMB ! (A� 1) + n...

KHK et al., Astropart. Phys. 42 (2013) 41

! �
! n+ ⇡+! ⌫
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Interlude: 
Intergalactic Propagation

Diffuse Extragalactic 
Background Radiation

CMB: 412 photons/cm3

for comparison: ρH < 1 proton/m3

⬅ discovered 1965
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GZK effect for CR protons: The Two Ingredients 

44

14 51. Plots of cross sections and related quantities

Figure 51.11: Total and elastic cross sections for Λp, total cross section for Σ−p, and total hadronic cross sections for γd, γp, and γγ
collisions as a function of laboratory beam momentum and the total center-of-mass energy. Corresponding computer-readable data files may be
found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, IHEP, Protvino, August 2017)

Δ resonance

γp total cross section
discovered in 1951
by Fermi et al in Chicago

❷

threshold for Δ-excitation: 
Ep   Eγ      > (mΔ

2 - mp2)
⇒ EGZK ≈ 6·1019 eV

CR CMB

Note: σ(γp)=σ(pγ) 
at same √s

λatt =
1

nγ ·σpγ
≈ 8 Mpc�eff =

✓Z
n(✏) · ��p(✏)d✏

◆�1
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42 STERNE UND WELTRAUM  Februar 2008

der Sonne kommen, vor Jahren von nah-
en Sternen und vor Milliarden Jahren 
von entfernten Quasaren. Jenseits der 
am weitesten entfernten Objekte sollten 
wir aus allen Richtungen des Himmels 
Photonen empfangen, die im dichten 
und warmen urzeitlichen Universum 
emittiert wurden, bevor irgendwelche 
Sterne, Galaxien oder andere kosmische 
Strukturen entstanden. Sie bilden den 
Strom primordialer Photonen, den Arno 
Penzias und Robert W. Wilson 1964 
erstmals als die kosmische Mikrowel-
lenhintergrundstrahlung beobachteten. 
Zusammen mit der Expansion des Uni-
versums und der primordialen Element-
häufigkeit bildet er eine der drei wich-
tigsten experimentellen Stützen der Ur-
knalltheorie.

Bis etwa 380 000 Jahre nach Beginn der 
kosmischen Expansion war die Tempera-
tur überall im Universum so hoch, dass 
Elektronen sich nicht dauerhaft an Pro-
tonen binden konnten, um Wasserstoff-
atome zu bilden. Innerhalb dieses ioni-
sierten Gases oder »Plasmas« konnten sich 
die Photonen nicht frei ausbreiten, weil 
sie, ähnlich wie Licht im Nebel, perma-
nent von Elektronen in alle Richtungen 
gestreut wurden. Während sich das Uni-
versum ausdehnte, kühlte sich das Plas-
ma ab. Unterhalb von etwa 10 000 Kelvin 
konnten die Elektronen beginnen, sich 
mit Protonen zu Atomen zu vereinigen. 
Diese »Rekombination« war beinahe ab-
geschlossen, als die Temperatur auf 3000 
Kelvin fiel. Neutrales Wasserstoffgas ist 
so lichtdurchlässig, dass etwa 90 Prozent 
der primordialen Photonen uns ohne jede 
weitere Wechselwirkung erreichen, ob-
wohl sie nahezu 14 Milliarden Jahre zu 
uns unterwegs waren.

Vor der Rekombination jedoch waren 
die Photonen so eng an die Materie ge-
koppelt, dass ihre Energieverteilung die 
Eigenschaften der Materie zu jener Zeit 
direkt widerspiegelt: Sie entspricht ge-
nauestens dem Spektrum eines »Schwar-
zen Körpers«, dessen Form allein von 
der Temperatur abhängt: Sie spiegelt die 
lokale Temperatur und Dichte der Mate-
rie zum Zeitpunkt der »letzten Streuung« 
wider. Eine Messung der Temperatur des 
CMB verrät uns also charakteristische Ei-
genschaften der Materie zu jener Zeit.

Während das Universum expandiert, 
nehmen auch die Wellenlängen der Pho-
tonen zu und die charakteristische Tem-
peratur des Schwarzkörper-Spektrums 
nimmt ab. Der Faktor, um den die Wel-
lenlänge seit der Zeit zugenommen hat, 
als das Photon emittiert wurde, ent-
spricht genau dem Faktor, um den sich 
das Universum seither ausgedehnt hat. 
Und um diesen Faktor ist auch die Tem-
peratur gefallen, die das Schwarzkörper-
Spektrum charakterisiert. Daher wurden 
die Photonen, die von dem primordialen 
Schwarzen Körper bei 3000 Kelvin aus-
gestrahlt wurden, zu Wellenlängen ver-
schoben, die um einen Faktor 1100 grö-
ßer sind, und die wir als Strahlung eines 
Schwarzen Körpers bei 2,7 Kelvin wahr-
nehmen. Die Messung ihres Spektrums 
durch Cobe zeigte, dass es um weniger als 
0,01 Prozent von einem idealen Schwarz-
körper-Spektrum abweicht (Abb. 3).

Die kosmische Hintergrundstrah-
lung erscheint also extrem gleichför-
mig (Abb. 4 a). Nur wenn man den Kon-
trast des CMB-Bildes tausendfach ver-
stärkt, kann man erkennen, dass die eine 
Seite des Himmels etwas heller ist als 
die andere (Abb. 4 b). Diese Asymme- 

trie (CMB-Dipol genannt) entsteht durch 
die Bewegung der Erde und der Sonne 
relativ zum CMB, (wobei ein kleiner Teil 
davon noch primordialen Ursprungs 
sein könnte). Wenige hundert Kilome-
ter pro Sekunde reichen aus, um durch 
den Dopplereffekt die gemessene Tem-
peratur des Schwarzkörpers in der einen 
Richtung um einige Tausendstel Kelvin 
zu erhöhen, in der anderen abzusenken. 
Ziehen wir die Dipolkomponente von 
der gemessenen Verteilung ab und stei-
gern den Kontrast noch weiter, so begin-
nen wir, auf allen Winkelskalen, von den 
größten bis zu den kleinsten, räumliche 
Strukturen zu erkennen (Abb. 4 c). Diese 
Muster spiegeln sowohl den Zustand des 
Universums 380 000 Jahre nach dem Ur-
knall wider als auch die Auswirkungen 
der 14 Milliarden Jahre währenden Rei-
se, welche die Photonen seit ihrer letzten 
Streuung an Elektronen im primordialen 
Plasma hinter sich haben.

Um diese Reise nachzuvollziehen, stel-
len wir uns eine Gruppe von Photonen 
vor, die frei durch den Raum fliegen, 
nachdem sie aus dem primordialen Plas-
ma entkamen. Anfänglich sind sie Pho-
tonen des sichtbaren Lichts bei einer Wel-
lenlänge von ungefähr 0,5 Mikrometern. 
Im Laufe der Zeit dehnt die kosmische Ex-
pansion ihre Wellenlänge und sie verlie-
ren Energie. Wenn sie einen Galaxienhau-
fen passieren, stoßen einige lokal emit-
tierte Photonen ähnlicher Wellenlänge zu 
ihnen und erhöhen ihre Anzahl um einen 
winzigen Betrag. Gelegentlich gehen eini-
ge der Photonen durch Wechselwirkung 
mit Teilchen verloren, denen sie begeg-
nen. Insgesamt aber geschieht auf ihrer 
langen Reise nicht viel: Das Universum 
ist bemerkenswert leer und durchsichtig, 
und sogar Milliarden von Jahren später 
tragen sie immer noch die physikalische 
Information mit sich, die ihnen bei ih-
rer letzten Streuung im heißen, primor-
dialen Plasma mitgegeben wurde. Wenn 
ihre Wellenlängen auf einige Millimeter 
angewachsen sind, treten die Photonen in 
die Peripherie einer großen Spiralgalaxie 
ein, der Milchstraße, wo noch einige Pho-
tonen der lokalen Mikrowellenstrahlung 
zu der Gruppe hinzutreten.

Wenn die Photonen nach beinahe 14 
Milliarden Jahren fast ereignisloser Rei-
se unsere Position in der Milchstraße er-
reichen, treffen sie plötzlich mit einem 
höchst unerwarteten Objekt zusammen: 
der glatten metallischen Oberfläche des 

Abb. 3: Die Messungen des Cobe-
Satelliten zeigten, dass das 
Spektrum der kosmischen Hin-
tergrundstrahlung mit hoher Ge-
nauigkeit dem Spektrum eines 
Schwarzen Körpers entspricht.
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1966: „End to the CR Spectrum ?“
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Greisen, 
Zatsepin & Kuz‘min

Linsley‘s event 
                  (observed 1962     

          PRL 1963)

John Linsley @ Volcano Ranch
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GZK effect for CR Nuclei

47

interaction with CMB photon may induce a
collective oscillation of neutrons against protons

neutrons and protons
in an atomic nucleus

σ 

Eγ(MeV) 
0 20 30 40

Often, single or multiple nucleons
are lost in this process
→ photodisintegration (Z,N) + γ ➙ (Z,N-1) + n 

     ➙ (Z-1,N) + p 
     ➙ (Z,N-2) + 2n 
     ➙ ... 

GDR
→ nuclei don’t survive propagation if energy 
     is above GDR threshold 

discovered 1947

Giant Dipole Resonanceγ
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Examples of Giant-Dipole Cross sections

48

the data on such nuclei are scarce: a cross section
measurement, such as (c, 1nx) or (c, abs), is avail-
able at various energies for less than half of the
stable nuclei with 12 6 A 6 56. Total photoab-
sorption cross sections around the GDR peak
energy are available for 10 nuclei, while the inte-
grated total photoabsorption cross section is
known for 16 nuclei [11]. The exhaustive compar-
ison performed to compare the predictions with
the data is illustrated below.

To test the model predictions, we first consider
the (c, 1nx) cross sections, i.e. the photodisintegra-
tion leading to a single neutron emission, but pos-
sibly also to other extra ejectiles. This set is of
particular importance for our present study since
the one-nucleon emission is the dominant process
for photon energies in the 0–50 MeV range. The
model predictions based on four different prescrip-
tions for the E1-strength function is compared in
Figs. 1 and 2 with experimental data for eight nu-
clei, namely 13C, 23Na, 30Si, 32S, 35Cl, 39K, 51V and
55Mn. Globally, the calculations are found to de-
scribe the data accurately, from light to heavy

nuclei, even though a few isotopes still suffer from
imperfect description, such as 13C. In most cases,
however, the behaviour of the cross section is
remarkably well described, being confined within
the experimental error bars over the whole energy
range. For astrophysical applications, this degree
of accuracy is quite satisfactory, especially in view
of the remaining uncertainties pertaining to the
origin of UHECRs (distribution of sources, injec-
tion spectra, initial composition) and to their
propagation in extragalactic space, depending on
the essentially unknown strength and topology of
the magnetic effects.

In some cases, the QRPA prediction is found to
overpredict the data, especially at high energies.
This is the case for the HFB + QRPA prediction
of the 32S(c, 1nx) reaction, or for the HFBCS +
QRPA results for 30Si, 51V and 55Mn. On average,
both phenomenological Lorentzian approaches
reproduce better the experimental data. In the case
of 13C and 23Na, both the microscopic calculations
and the Lorentzian-based predictions agree with
each other. It should however be recalled here that
the Lorentzian formulas make use of the experi-
mental total photoabsorption peak cross section,
peak energy and width for the cases presented here,
while the QRPA models do not.

To illustrate the accuracy of multi-nucleon pho-
toemission predictions, the 51V(c, 2nx) measured
cross section is compared to the four calculations
in Fig. 3. The agreement is good and all models
predict similar cross sections, except the HFB +
QRPA model which overestimates the cross sec-
tion. The errors on such measurement are rela-
tively large and prevent one from considering
this data as a strong constraint on the models.

The (c,p) cross sections provide complementary
insight on the accuracy of the models. The inte-
grated cross section is available for about 15 nuclei
of interest [11]. The description of the data is
found to be reasonable, and not to differ from
one model to another significantly. An average
agreement within a factor of two is obtained on
the integrated cross section.

In view of the present comparison between
the model predictions and the available experimen-
tal data, the generalized Lorentzian model is
adopted for further calculations of the UHECR
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Fig. 1. Measured photoabsorption cross sections (c, 1nx) state,
compared to the predictions of the four models: Lorentzian
(dashed line), generalized Lorentzian (solid line), microscopic
HFBCS + QRPA (dotted line) and microscopic HFB + QRPA
(dash-dot line).

E. Khan et al. / Astroparticle Physics 23 (2005) 191–201 195

1.3. PHOTODISINTEGRATION OF NUCLEI 83
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Figure 1.20: Total photodisintegration cross sections of light nuclei with .

the model over the whole energy range, suggesting that the quasi-deuteron process entirely triggers photo- -
emission off . For the Levinger parameter we find empirically , which is much below the
empirical value found for heavy nuclei, but fairly consistent with the prediction of our modified model applying
Levinger’s theoretical formula.

The nucleus : The photodisintegration cross section of shows essentially three peaks at low energy:
one, very sharp just above threshold at about , one broad resonance around MeV and the giant
resonance at about . The central energy of the giant resonance fits well into the smooth -dependence
observed for nuclei with highermass numbers (see below), but the width of about is exceptionally large.
The lower energy peaks are also exceptional and are observed in only a few nuclides, and in none of them with
a strength relative to the giant resonance as in . They are readily explained by and shell
transitions of the valence neutron. The low energy part of the cross section can be fitted by

(1.3.26a)

The peak around is attributed to the GDR of the core nucleons. At higher energies, we adopt the
quasi-deuteron cross section as predicted by our modified model, using , and obtain
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Energy Loss Length for Nuclei
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GZK Horizon
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Harari et al.; astro-ph/0609294

90% of p/Fe at E>80 EeV 
come from within 100 Mpc

90% of Si at E>80 EeV 
come from within 25 Mpc
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The GZK - Horizon
Expect anisotropies for 
protons at E>1019 eV

60 Mpc
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Auger Collaboration
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The End of the CR Energy Spectrum
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891 972 events
~80 000 km2 sr yr exposure

2nd knee
ankle

cut-off

9 events
6 events
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If this is the GZK-effect, we 
expect a significant flux of 
cosmogenic γ’s and ν’s:  
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CRPropa: Open Source Public CR Propagation Code
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Module List

Magnetic !eldTabulated data

SourceModel 

Infrared background
Radio background
...

Check isActive ?

Cosmology
correction

Galactic
lensing

Spectrum
Evolution
Direction 
Composition
...

External libraries
SOPHIA
DINT
...

Uniform
Grid
...

Candidate

De!ection

Observer

Boundary Output

Interaction

position, type, ...
isActive? 

KHK et al, Astropart. Phys. 42 (2013) 41, …
R.A. Batista et al, JCAP 09 (2022) 035

Propagates CR particles from
source to observer and accounts 
for all type of interactions in 
photon fields as well as in 
magnetic fields.

➥ predict flux of cosmogenic  
     photons and neutrinos
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How to Measure UHE 
photons and neutrinos 
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Longitudinal Shower Development ➙ Primary Mass
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 OBSERVATORY 

 

Example of a 3·1019 eV EAS event in FD

KHK, Unger, APP 35 (2012)
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Pierre Auger Observatory Telescope Array

Fe sim p sim  simγ

< Xmax > σ(Xmax)
Two quantities extracted for samples of showers



Search for EeV Photons
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γ expectation
p expect.data 

Photon likeliness → 

Photons can be identified by deep Xmax  and low muon number



Search for EeV Photons
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Photon upper limits start to constrain
cosmogenic photon fluxes of p-sources

Photons can be identified by deep Xmax  
and low muon number

γ expectationp expect.

data 

Latest results from the searches for UHE photons and neutrinos at Auger Marcus Niechciol
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Figure 1: Search for photons with energies above 1019 eV: distributions of the observables !LDF (left) and
� (center); distribution of the Fisher discriminant and results of the application to data (right); for details,
see [2].
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GZK proton I (Kampert et al. 2011)
GZK proton II (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)
CR interactions in Milky Way (Berat et al. 2022)
SHDM Ia (Kalashev & Kuznetsov 2016)
SHDM Ib (Kalashev & Kuznetsov 2016)
SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

Figure 2: Current upper limits on the integral photon flux determined from data collected by the Pierre Auger
Observatory (red, blue and gray circles); shown are also upper limits published by other experiments as well
as the expected photon fluxes under different theoretical assumptions and scenarios; for details, see [3].

SD-only analysis is based on two observables, !LDF and � (see Fig. 1). The two observables relate
the measured total signals in the individual SD stations and the measured risetimes of the signals
to a data benchmark, describing the average of all of the SD data (assumed to be overwhelmingly
constituted by primary nuclei). The use of the average behavior of all SD data in the two quantities
removes the need for assumptions on the composition of the background, which is not known in
detail at the highest energies. The two observables are combined in a Fisher discriminant analysis,
with the burnt sample—about 2 % of the full data sample which are not used in the final analysis—
representing the background and photon simulations the signal (see also Fig. 1). The analysis
is applied to SD data collected between 1 January 2004 and 30 June 2020. Overall, 16 events
from the data sample pass the photon candidate cut, which is consistent with the expectation from
background. No primary photon could therefore be unambiguously identified. The resulting upper
limits on the integral photon flux are shown in Fig. 2, together with upper limits determined from
other experiments as well as the expected photon fluxes under different theoretical assumptions and

3

expectations for
proton sources

Auger Collaboration, JCAP04 (2017) 009; Universe (2022) 8, 579; JCAP05 (2023) 021

Photon likeliness → 
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ντ

Inclined+showers++
&+UHE+neutrinos+

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

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

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

electromagne?c+++muonic+
components+
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

EeV Neutrinos detectable 
in inclined air showers hadronic induced shower 

at large zenith angles 
→ no em-component 
    („old“ shower)

tau-neutrino in Earth 
skimming event 
produces 
up-going young shower

neutrino induced shower 
at large zenith angles 
→ normal em-component 
    („young“ shower)



Example of an inclined event seen in Auger
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1

Inclined shower in Auger SD
CERN Courier 
July 25 2006

MC simulation of an
event with the same 
angle and energy.

Ricardo A. Vázquez

2-lobed footprint on the ground due to muon deflection by the geomagnetic field

Signal (VEM)

~ 3
0 k

m !!

very narrow signal traces



… another example
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! Event 3618809 (25 June 2007): 59 stations, >50 km long

Example of a very horizontal shower in Auger,
extending over ~60 km!

Time traces in Water Cherenkov stations

Narrow spike in all 
stations due to high 
energy muons

⇒ ordinary hadronic origin,
     no neutrino

time (ns)

6. Multi-messenger searches: neutrinos

31

• Best sensi1vity to UHE neutrinos
slightly below 1018 eV, comparable
to that of IceCube

• Integral limit for neutrino energies
between 1017 eV and 2.5×1019 eV:
3.5×10-9 GeV cm-2 s-1 sr-1

or equivalently
1.1 EeV km-2 yr-1 sr-1

• Frac1onal contribu1ons:
• Channel: ES 0.79; DGH 0.18; DGL 0.03
• Flavor: "" 0.10; "# 0.04; "$ 0.86

Upper limits on the diffuse flux of UHE neutrinos

15 November 2022Jaime Alvarez-Muñiz, Marcus Niechciol / Pierre Auger Collaboration Meeting November 2022 7

IceCube, PRD 98, 062003 (2018)
ANITA, PRD 98, 022001 (2018)
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Auger Observatory

Neutrino search using inclined air showers

(Auger, UHECR 2022)

Neutrino sensitivity better than Waxman-Bahcall bound  
Limits constrain GZK & astrophysical neutrino models

JCAP10(2019)022
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Figure 1. FADC traces of stations at a distance of approximately 1 km to the shower core. From
top to bottom panel the station belongs to a vertical event, to an inclined event, and to a neutrino-
simulated event. The reconstructed energy (E) and zenith angle (✓) for the events, as well as the
simulated E and ✓ of the neutrino-induced shower, are indicated in each panel. The value of the
Area-over-Peak (AoP) of each trace is also given.

Applying these criteria, a search for ES neutrino-induced showers is performed in the
Observatory data from 1 January 2004, when data taking started, up to 31 August 2018. No
neutrino candidates are identified. In figure 2 we show the distribution of hAoPi for the whole
data period compared to that expected in Monte Carlo simulations of ⌫⌧ -induced ES showers,
along with the optimized value of the cut (hAoPi = 1.83) above which an event would be
regarded a neutrino candidate. After the inclined selection and the neutrino identification
criteria, ⇠ 95% of the simulated neutrinos that induce triggers are kept. This proves that the
Pierre Auger Observatory is highly e�cient as a neutrino detector, with its sensitivity mostly

– 5 –
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JCAP11(2019)004

Figure 2. Instantaneous e↵ective areas for ES (red lines), DGH (blue) and DGL (green) neutrinos
as a function of zenith angle for selected neutrino energies. The DG and ES e↵ective areas are
respectively obtained with eqs. (3.2) and (3.3).

earth’s surface [42].2 The rapid rise of the earth’s chord as the zenith angle increases below
the horizon and its absorptive e↵ect for high-energy neutrinos are responsible for a strong
dependence of pexit on ✓ within a small range from ✓ = 90� to ✓ ' 95� [34, 35, 42, 43].
This probability, folded with the selection and identification e�ciency "ES and the tau decay
probability per unit length, must be integrated over tau energy and decay length l to obtain
the e↵ective area:

AES =

Z

E⌧

Z

A

Z

l
dA dE⌧

dl

�⌧�
exp


� l

�⌧�

�
| cos ✓| pexit "ES, (3.3)

where � = c�⌧⌧⌧ ' 86.93 ⇥ 10�6 m is the decay length, �⌧ and �⌧ = E⌧/(m⌧ c2) are the
speed and Lorentz factor of the tau lepton, m⌧ ' 1.777GeV is its mass, and the tau-lepton
is assumed to be ultra-relativistic.

The instantaneous e↵ective area for the ES, DGH and DGL neutrinos as a function
of neutrino energy is displayed in figure 1 for selected zenith angles and is compared to
that of IceCube [40]. The EeV energy range in which the Pierre Auger Observatory has
optimal e↵ective area extends in energy beyond the published e↵ective area of IceCube and,
for favourable source positions as seen from the SD, the e↵ective area of the Pierre Auger
Observatory is significantly larger.

The dependence of the e↵ective area on the zenith angle is displayed in figure 2, for DG
charged-current electron neutrinos and selected neutrino energies in the zenith angle range

2See also [43] and references therein.
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huge instantaneous 
effective area in 
Earth-Skimming

channel

~ 100% duty cycle, 
~ 95%  selection efficiency 
    at  eV 
~ one background event 
   in 50 years

ντ
Eτ > 1017.5

As a result, for the Earth-skimming detection, the neutrino
arrival directions must be within a very small angular range of a
few degrees below the horizon. For these directions, the
effective area of the Observatory for detecting tau-flavor
neutrinos is very much enhanced relative to the search method
for downward-going neutrinos (DGH and DGL). This is the
reason why the Pierre Auger Collaboration could set the best
limit to UHE neutrinos from GW170817 (Albert et al. 2017),
the binary neutron star merger event detected in gravitational
waves and followed up in most bands of the electromagnetic
spectrum (Abbott et al. 2017). The instantaneous effective area
is highly dependent on the arrival zenith angle which is a
function of the source decl. and the hour angle, so that the
sensitivity of the Observatory is highly directional and time-
dependent (Aab et al. 2019b). This can be appreciated in
Figure 1 where the three wide colored bands span the
instantaneous effective area of the Observatory within the
zenith-angle intervals corresponding to the three search
channels. For the Earth-skimming channel the width is largest,
reflecting the rapid variation of effective area as the zenith
angle changes by only 5° from 90° to 95° reaching a maximum
at ∼91°.

The search for neutrinos from the direction of TXS 0506
+056 will be considered for periods much longer than a day.
Thus, the effective area for neutrino detection must be
integrated over time as the source position transits over
different zenith angles. In Figure 1 we have also shown the
daily average of the effective area for the Observatory in each
of the three search channels for the blazar decl. of 5°.7 (full
colored lines), where they are compared to the effective area of
the IceCube detector for the same source (Aartsen et al. 2018a).
Due to the location of the IceCube detector, the effective area
for a fixed position in space depends only on its decl. and is
otherwise independent of time for each configuration. The
width of the IceCube band here is due to the different
configurations achieved after different construction stages

(Aartsen et al. 2018a). The effective exposure can be
approximately calculated by multiplying the daily average of
the effective area for the corresponding decl., by the length of
the time period under consideration (Aab et al. 2019b). The
daily average depends strongly on decl. and this is partly
because the source is only “visible” in neutrinos during a
varying fraction of the day in each zenith-angle range. This
fraction is displayed in Figure 2 as a function of the decl. for
each of the three types of searches. The black arrow marks the
decl. of TX0506+056, indicating that the source is not at a
decl. that maximizes the observation time. This effect also
contributes to the large variations in effective area as a function
of the source decl. For periods much larger than a sidereal day
the approximation is very accurate because variations in
effective area with time have been relatively small since the
Observatory was completed in 2008 June.

3. Results and Discussion

All the data collected with the Pierre Auger Observatory
were searched for candidate neutrino events in the direction of
TXS 0506+056 with negative results. Instead of providing a
flux limit we calculate the expected flux that would have been
deduced if a single neutrino had been observed, assuming a
steady flux over a given period of time. This illustrates the
expected sensitivity to a given flux and can be easily converted
to a flux limit at 90% confidence multiplying it by a factor of
2.39 (Feldman & Cousins 1998). The results naturally depend
on the assumptions that are made with respect to the time
period over which the search is integrated. Two benchmark
scenarios have been discussed in the original article addressing
the correlated detection in neutrinos and in the HE and VHE
gamma-ray bands (Aartsen et al. 2018b). The first is of half a
year and it is motivated by the time window that gave the
largest significance to a search for an excess of neutrino-
compatible events in the archival data of IceCube, interpreted
as a neutrino flare (Aartsen et al. 2018a). The second period

Figure 1. Effective area of the Pierre Auger Observatory as a function of neutrino energy for each search channel. The shaded bands bound the instantaneous effective
area for each neutrino detection channel and indicate the variation with zenith angle in the corresponding range. TXS 0506+056 at a decl. δ;5°. 7 is viewed at the SD
of Auger for a limited amount of time (see Figure 2) and with a range of zenith angles from θ=60° to θ=95°, the sensitivity being largest below the horizon
(θ>90°). The full lines represent the effective area for the different detection channels when averaging over a full day, i.e., when including the periods during a day,
when the source cannot be seen. The instantaneous effective area of IceCube for the decl. of TXS 0506+056 is also shown for comparison. For IceCube at the South
Pole the zenith angle of TXS 0506+056 is practically constant over time and given by θ=90°+δ. The width of the gray band corresponds in this case to different
stages of IceCube construction and configuration, which depend on the period under consideration.

5

The Astrophysical Journal, 902:105 (8pp), 2020 October 20 Aab et al.

IceCube

Auger

Auger, ApJ 902:105 (2020)

Auger, JCAP11(2019)004
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expect up to 6 νs for pure p-composition
and spectral cut-off be caused by GZK-effect 

expect up to 0.4 νs for pure Fe-composition 
and spectral cut-off be caused by GZK-effect 

JCAP10(2019)022

Figure 7. Constraints on UHECR source evolution models parameterized as  (z) / (1 + z)m for
sources distributed homogeneously up to a maximum redshift zmax and emitting protons following
a power-law dN/dE / E�2.5 up to E = 6 ⇥ 1020 eV. A proton-only flux is matched to the Auger
spectrum at 7⇥1018 eV (benchmark calculation for fp = 1, see text). The cosmogenic neutrino fluxes
for each combination of m and zmax were obtained with the Monte Carlo (MC) propagation code
CRPropa [79]. Top panel: exclusion plot for source evolution parameter m and zmax with fp = 1.
The colored areas represent di↵erent levels of C.L. exclusion. In particular the solid and dashed lines
represent the contours of 68% and 90% C.L. exclusion, respectively. The dashed-dotted blue line
represents the 90% CL contour exclusion for cosmogenic neutrino models obtained with the analytical
calculation in [82]. Bottom panel: exclusion plot for source evolution model parameter m and variable
fp  1. The regions above the colored lines corresponding to several values of zmax are excluded at
90% C.L. from the lack of neutrino candidates in Auger data.
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expect up to ~0.001 νs in Auger (& IceCube) 
for maximum source energy scenario

ϕsrc(z) Δ (1 + z)m

10-11

Auger Collaboration, JCAP10 (2019) 022



PoS(ICRC2023)438

Mass composition and interaction cross-sections Olena Tkachenko

0.0

0.5

1.0

f F
e

PRELIMINARYSibyll 2.3d EPOS-LHC

0.0

0.5

1.0

f N

0.0

0.5

1.0

f H
e

0.0

0.5

1.0

f H

100100100

p-
va

lu
e

Figure 1: The mass composition fit for four elemental mass groups (top four panels). The error bars denote
statistical (inner cap) and total (outer cap) uncertainties. The bottom panel shows the p-values of the fit.

allows sampling the posterior probability density function of the estimated fractions making it easy
to marginalize over the mass composition for derived quantities, e.g., the first moments of the 𝐿max
distribution. Furthermore, MCMC can deal with many highly correlated parameters, numerically
impossible with standard gradient minimizers. This can be very useful for composition studies if,
in addition to the nuclear fractions, one also wishes to fit properties of hadronic interactions.

In Fig.1, the mass composition fit is shown for a combination of four particle species: proton,
H; Helium, He; Nitrogen, N, and Iron, Fe, representing four elemental groups, approximately
equally spaced in ln 𝑀. The total uncertainty on the composition fractions includes the statistical
uncertainty from the MCMC posterior distributions and the impact of the systematic uncertainty on
the 𝐿max scale, evaluated by fitting the data with a consistently varied shift in the 𝐿max within the
scale uncertainty. The trends observed in the evolution of the cosmic ray composition with energy
agree with our previous results presented in [1, 8]. Minor di!erences from the previous results in
the individual mass groups are likely attributed to the larger dataset (more observation years) and the
usage of the most recent version of the Sibyll interaction model, which predicts slightly shallower
showers than the previous one [5]. Though the qualitative behavior is the same, one can also see
the significant dependence of the choice of the interaction model on the individual fractions. On
average, the Sibyll 2.3d interaction model results in a He fraction that is → 20% larger at lower
energies and in an increase of the fraction of N nuclei at higher energies compared to EPOS-LHC.
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Decomposition of Energy Spectrum into Mass Groups
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Auger Collaboration, ICRC 2023 Fractions of H, He, N, Fe
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Figure 1: The mass composition fit for four elemental mass groups (top four panels). The error bars denote
statistical (inner cap) and total (outer cap) uncertainties. The bottom panel shows the p-values of the fit.

allows sampling the posterior probability density function of the estimated fractions making it easy
to marginalize over the mass composition for derived quantities, e.g., the first moments of the 𝐿max
distribution. Furthermore, MCMC can deal with many highly correlated parameters, numerically
impossible with standard gradient minimizers. This can be very useful for composition studies if,
in addition to the nuclear fractions, one also wishes to fit properties of hadronic interactions.

In Fig.1, the mass composition fit is shown for a combination of four particle species: proton,
H; Helium, He; Nitrogen, N, and Iron, Fe, representing four elemental groups, approximately
equally spaced in ln 𝑀. The total uncertainty on the composition fractions includes the statistical
uncertainty from the MCMC posterior distributions and the impact of the systematic uncertainty on
the 𝐿max scale, evaluated by fitting the data with a consistently varied shift in the 𝐿max within the
scale uncertainty. The trends observed in the evolution of the cosmic ray composition with energy
agree with our previous results presented in [1, 8]. Minor di!erences from the previous results in
the individual mass groups are likely attributed to the larger dataset (more observation years) and the
usage of the most recent version of the Sibyll interaction model, which predicts slightly shallower
showers than the previous one [5]. Though the qualitative behavior is the same, one can also see
the significant dependence of the choice of the interaction model on the individual fractions. On
average, the Sibyll 2.3d interaction model results in a He fraction that is → 20% larger at lower
energies and in an increase of the fraction of N nuclei at higher energies compared to EPOS-LHC.

3



Karl-Heinz Kampert - Bergische Universität Wuppertal ISAPP School 2025, Lecce66

Conclusion
The non-observation of cosmogenic 
photons and neutrinos supports the
interpretation that the spectral cut-off
is primarily an effect of the sources 
rather than an effect of propagation 
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Back to the 
Neutron Star Merger 

GW170817
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2017: Big Bang of Multimessenger Astrophysics

68Karl-Heinz Kampert – University Wuppertal

Neutron Star Merger GW 170817 
observed also in broad range of
electromagnetic radiation
with strong bounds on 
HE neutrino emission
Joint publication by > 3000 authors (LHC scale)

Sientic Beathroug  2017

This was a very lucky event…!
ISAPP School 2025, Lecce



GW170817: Time Sequence
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

1.7 s after GWs

lasted 100 s !

still after weeks

Fermi-GBM sent an automated alert 
of an unspectacular  GRB at 12:41 UTC

excessive campaign during next days 
and weeks

13:08 UTC LIGO sent a a BNS alert that 
occurred <2 s before GRB  from same direction

m1 = (1.36 - 2.26) M☉
m2 = (0.86 - 1.36) M☉
Host galaxy: NGC 4993
distance: 40 Mpc
optical brightness after one day 
108 L☉ → kilonova powered by 
                radioactive decays



GW170817: Physics across multiple aspects/fields
• General Relativity: gravitational waves
• Cosmology: independent Hubble constant determination
• Astronomy: Follow ups, multiwavelength
• Astrophysics: Compact objects, Neutron stars
• Nuclear Physics: r-process, equation of state
• Particle Physics: Neutrino oscillations
• Astroparticle Physics: Particle acceleration, UHE counterparts

70Karl-Heinz Kampert - University of Wuppertal ISAPP School 2025, Lecce

Unique Event 
→  Brought together different communities



Observation of GRB 170817A was a lucky instance ! 
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Fermi-LAT Collaboration, arXiv:1710.05450

Large Area Telescope (LAT) was switched off 2 seconds before LIGO-Trigger 
Luckily, Gamma-Burst Monitor (GBM) was still online

(up to recently, GBM had been switched off/on together with LAT!)

switched of because of South American Anomaly

LAT
GBM

Message to the young scientists: Never be lazy, always get the very best out of your apparatus !



Neutrino Upper Limits for GW170817
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LIGO, ANTARES, IceCube, Auger,
The Astrophys. J. Lett. 850 (2017) L35

100 PeV, the upper limit on an E 2- power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2= ´ - - -( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (nt) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
nt-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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Auger

100 PeV, the upper limit on an E 2- power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2= ´ - - -( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (nt) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
nt-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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Absence of Neutrino consistent with 
SGRB viewed at >20° angle

May have seen neutrinos if jet were pointing towards us
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Schematic picture of various high-energy multi-messenger transients.

Table 1 List of multi-messenger transients that can be promising emitters of high-

energy neutrinos and/or gravitational waves.

Source Rate density EM Luminosity Duration Typical Counterpart

[Gpc�3 yr�1] [erg s�1] [s]

Blazar flarea 10� 100 1046 � 1048 106 � 107 broadband

Tidal disruption event 0.01� 0.1 1047 � 1048 106 � 107 jetted (X)

100� 1000 1043.5 � 1044.5 > 106 � 107 tidal disruption event (optical,UV)

Long GRB 0.1� 1 1051 � 1052 10� 100 prompt (X, gamma)

Short GRB 10� 100 1051 � 1052 0.1� 1 prompt (X, gamma)

Low-luminosity GRB 100� 1000 1046 � 1047 1000� 10000 prompt (X, gamma)

GRB afterglow < 1046 � 1051, > 1� 10000 afterglow (broadband)

Supernova (II) 105 1041 � 1042 > 105 supernova (optical)

Supernova (Ibc) 3⇥ 104 1041 � 1042 > 105 supernova (optical)

Hypernova 3000 1042 � 1043 > 106 supernova (optical)

NS merger 300� 3000 1041 � 1042 > 105 kilonova (optical/IR)

1043 > 107 � 108 radio flare (broadband)

BH merger 10� 100 ? ? ?

WD merger 104 � 105 1041 � 1042 > 105 merger nova (optical)

a
Blazar flares such as the 2017 flare of TXS 0506+056 are assumed for the demonstration.

Abbreviations: BH, black hole; EM, electromagnetic; GRB, gamma-ray burst; NS, neutron star; WD,

white dwarf.

4.1. Blazar Flares

In general, blazars are highly variable objects that show broadband spectra from radio, op-

tical, X-ray, and gamma-rays. In the standard leptonic scenario for SEDs, the low-energy

and high-energy humps are explained by synchrotron emission and inverse-Compton radia-

tion from non-thermal electrons, respectively. For BL Lac objects that typically belong to a

low-luminous class of blazars, seed photons for the inverse-Compton scattering are mainly

supplied by the electron synchrotron process. In contrast, flat-spectrum radio quasars (FS-

14 Murase and Bartos

Kohta Murase & Imre Bartos; Annu. Rev. Nucl. Part. Sci. 2019 AA:1-36
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energy neutrinos and/or gravitational waves.

Source Rate density EM Luminosity Duration Typical Counterpart

[Gpc�3 yr�1] [erg s�1] [s]
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Tidal disruption event 0.01� 0.1 1047 � 1048 106 � 107 jetted (X)
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Hypernova 3000 1042 � 1043 > 106 supernova (optical)

NS merger 300� 3000 1041 � 1042 > 105 kilonova (optical/IR)

1043 > 107 � 108 radio flare (broadband)

BH merger 10� 100 ? ? ?

WD merger 104 � 105 1041 � 1042 > 105 merger nova (optical)

a
Blazar flares such as the 2017 flare of TXS 0506+056 are assumed for the demonstration.

Abbreviations: BH, black hole; EM, electromagnetic; GRB, gamma-ray burst; NS, neutron star; WD,

white dwarf.

4.1. Blazar Flares

In general, blazars are highly variable objects that show broadband spectra from radio, op-

tical, X-ray, and gamma-rays. In the standard leptonic scenario for SEDs, the low-energy

and high-energy humps are explained by synchrotron emission and inverse-Compton radia-

tion from non-thermal electrons, respectively. For BL Lac objects that typically belong to a

low-luminous class of blazars, seed photons for the inverse-Compton scattering are mainly

supplied by the electron synchrotron process. In contrast, flat-spectrum radio quasars (FS-

14 Murase and Bartos
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24 hrs stacking limit from 62 GW events 60 day integration
M. Schimp; Auger Collaboration, PoS (ICRC2021) 968

Neutrino emission energy limit  as compared to  radiated GW energy
assuming isotropic emission and  flux

∼ M⊙c2/300 ∼ M⊙c2

E−2
ν
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Sept. 22, 2017: 
290 TeV neutrino from
direction TXS 0506-056

IceCube Collaboration
Science 361, 146 (2018)
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emission from that direction in data prior to 2017,
as discussed in a companion paper (26).

High-energy g-ray observations of
TXS 0506+056

On 28 September 2017, the Fermi Large Area
Telescope (LAT) Collaboration reported that the
direction of origin of IceCube-170922A was con-
sistent with a known g-ray source in a state of
enhanced emission (16). Fermi-LAT is a pair-
conversion telescope aboard the Fermi Gamma-
ray Space Telescope sensitive to g-rays with energies
from 20MeV to greater than 300 GeV (27). Since
August 2008, it has operated continuously, pri-
marily in an all-sky survey mode. Its wide field
of view of ~2.4 steradian provides coverage of the
entire g-ray sky every 3 hours. The search for pos-
sible counterparts to IceCube-170922Awas part of
the Fermi-LAT collaboration’s routinemultiwave-
length, multimessenger program.
Inside the error region of the neutrino event,

a positional coincidence was found with a pre-
viously cataloged g-ray source, 0.1° from the best-
fitting neutrino direction. TXS 0506+056 is a
blazar of BLLacertae (BLLac) type. Its redshift of
z ¼ 0:3365T0:0010was measured only recently
based on the optical emission spectrum in a
study triggered by the observation of IceCube-
170922A (28).

TXS 0506+056 is a known Fermi-LAT g-ray
source, appearing in three catalogs of Fermi
sources (23, 24, 29) at energies above 0.1, 50, and
10 GeV, respectively. An examination of the
Fermi All-Sky Variability Analysis (FAVA) (30)
photometric light curve for this object showed
that TXS 0506+056 had brightened consider-
ably in the GeV band starting in April 2017 (16).
Independently, a g-ray flare was also found by
Fermi ’s Automated Science Processing [ASP (25)].
Such flaring is not unusual for a BLLac object and
would not have been followed up as extensively if
the neutrino were not detected.
Figure 3 shows the Fermi-LAT light curve and

the detection time of the neutrino alert. The light
curve of TXS 0506+056 from August 2008 to
October 2017was calculated in bins of 28 days for
the energy range above 0.1 GeV. An additional
light curve with 7-day bins was calculated for the
period around the time of the neutrino alert. The
g-ray flux of TXS 0506+056 in each time bin was
determined through a simultaneous fit of this
source and the other Fermi-LAT sources in a
10° by 10° region of interest along with the
Galactic and isotropic diffuse backgrounds, using
a maximum-likelihood technique (25). The inte-
grated g-ray flux of TXS 0506+056 forE> 0.1 GeV,
averaged over all Fermi-LAT observations span-
ning 9.5 years, is ð7:6 T 0:2Þ $ 10%8 cm%2 s%1. The

highest flux observed in a single 7-day light curve
bin was ð5:3 T 0:6Þ $ 10%7 cm%2 s%1, measured in
the week 4 to 11 July 2017. Strong flux variations
were observed during the g-ray flare, themost prom-
inent being a flux increase from ð7:9 T 2:9Þ$
10%8 cm%2 s%1 in the week 8 to 15 August 2017
to ð4:0 T 0:5Þ $ 10%7 cm%2 s%1 in the week 15 to
22 August 2017.
The Astro-Rivelatore Gamma a Immagini Leg-

gero (AGILE) g-ray telescope (31) confirmed the
elevated level of g-ray emission at energies above
0.1 GeV from TXS 0506+056 in a 13-day window
(10 to 23 September 2017). The AGILEmeasured
fluxofð5:3 T 2:1Þ $ 10%7 cm%2 s%1 is consistentwith
the Fermi-LAT observations in this time period.
High-energy g-ray observations are shown in

Figs. 3 and4.Details on theFermi-LAT andAGILE
analyses can be found in (25).

Very-high-energy g-ray observations of
TXS 0506+056

Following the announcement of IceCube-170922A,
TXS 0506+056 was observed by several ground-
based Imaging Atmospheric Cherenkov Tele-
scopes (IACTs). A total of 1.3 hours of observations
in the direction of the blazar TXS 0506+056
were taken using the High-Energy Stereoscopic
System (H.E.S.S.) (32), located in Namibia, on
23 September 2017 [Modified Julian Date (MJD)
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Fig. 3. Time-dependent multiwavelength observations of TXS
0506+056 before and after IceCube-170922A. Significant variability of
the electromagnetic emission can be observed in all displayed energy
bands, with the source being in a high-emission state around the
time of the neutrino alert. From top to bottom: (A) VHE g-ray
observations by MAGIC, H.E.S.S., and VERITAS; (B) high-energy g-ray
observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and
Kanata/HONIR; and (F) radio observations by OVRO and VLA. The red

dashed line marks the detection time of the neutrino IceCube-170922A.
The left set of panels shows measurements between MJD 54700
(22 August 2008) and MJD 58002 (6 September 2017). The set of
panels on the right shows an expanded scale for time range
MJD 58002 to MJD 58050 (24 October 2017). The Fermi-LAT light
curve is binned in 28-day bins on the left panel, while finer 7-day bins
are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September 2017) of 2:1$ 10%10 cm%2 s%1 is off the scale of the plot
and not shown.
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is 1.4s. If the IceCube-170922A event is removed,
no excess remains during this time period. This
agrees with the result of the rapid-response anal-
ysis (31) that is part of the IceCube alert program,
which found no other potential astrophysical
neutrinos from the same region of the sky during
±7 days centered on the time of IceCube-170922A.
We performed a time-integrated analysis at

the coordinates of TXS 0506+056 using the full
9.5-year data sample. The best-fitting parameters
for the flux normalization and the spectral index
areF100 = 0:8þ0:5

"0:4 # 10"16 TeV–1 cm–2 s–1 and g =
2.0 ± 0.3, respectively. The joint uncertainty on
these parameters is shown in Fig. 4A. The P value,
based on repeating the analysis at the same co-
ordinates with randomized datasets, is 0.002%
(4.1s), but this is an a posteriori significance
estimate because it includes the IceCube-170922A
event, whichmotivated performing the analysis at
the coordinates of TXS 0506+056. An unbiased

significance estimate including the event would
need to take into account the look-elsewhere effect
related to all other possible directions in the sky
that could be analyzed. It is expected that there
will be two or three directions somewhere in the
northern sky with this significance or greater,
resulting from the chance alignment of neutri-
nos (12). Here, we are interested in determining
whether there is evidence of time-integrated neu-
trino emission from TXS 0506+056 besides the
IceCube-170922A event.
If we remove the final data period IC86c, which

contains the event, and perform the analysis
again using only the first 7 years of data, we find
best-fitting parameters that are nearly unchanged:
F100 =0:9þ0:6

"0:5 # 10"16 TeV–1 cm–2 s–1 and g = 2.1 ±
0.3, respectively. The joint uncertainty on these
parameters is shown in Fig. 4B. The P value, using
only the first 7 years of data, is 1.6% (2.1s), based
on repeating the analysis at the same coordinates

with randomized datasets. These results indicate
that the time-integrated fit is dominated by the
same excess as found in the time-dependent
analysis above, having similar values for the
spectral index and total fluence (E2J100 = 2.0 ×
10–4 TeV cm–2 at 100 TeV over the 7-year period).
This excess is not significant in the time-integrated
analysis because of the additional background
during the rest of the 7-year period.

Blazars as neutrino sources

The signal identified during the 5-month period
in 2014–2015 consists of an estimated 13 ± 5
muon-neutrino events that are present in addi-
tion to the expected background. The analysis is
unbinned, but the mean background at the dec-
lination of TXS 0506+056 is useful for compar-
ison purposes; it is 5.8 events in a search bin of
radius 1° during a 158-day time window. (We use
the duration of the box-shaped time window re-
sult for convenience to calculate averages during
the flare.) The significance of the excess is due to
both the number of events and their energy
distribution, with higher-energy events increasing
the significance and leading to the best-fitting
spectral index of 2.1, in contrast to the lower-
energy atmospheric neutrino background with
spectral index ~3.7. At this declination in the sky,
the 68% central energy range inwhich IceCube is
most sensitive to point sources with E–2.1 spectra
is between 32 TeV and 3.6 PeV. Assuming that
the muon-neutrino fluence (E2J100 = 2:1þ1:0

"0:7#
10"4 TeV cm–2) is one-third of the total neu-
trino fluence, then the all-flavor neutrino energy
fluence is 4:2þ2:0

"1:4 # 10"3 erg cm–2 over this
energy range. With the recent measurement (32)
of the redshift of TXS 0506+056 as z = 0.3365 ±
0.0010, this energy fluence implies that the iso-
tropic neutrino luminosity is 1:2þ0:6

"0:4 # 1047 erg s–1

averaged over 158 days. This is higher than the
isotropic gamma-ray luminosity during the same
period, which is similar to the long-term luminosity
between 0.1 GeV and 100 GeV of 0.28 × 1047 erg
s–1 averaged over all Fermi-LAT observations of
TXS 0506+056 (20). Gamma rays are expected to
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Fig. 2. Time-independent weight of individual events during the IC86b period. Each vertical line
represents an event observed at the time indicated by calendar year (top) or MJD (bottom).
Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line indicates the event
weight: the product of the event’s spatial term and energy term in the unbinned likelihood analysis
evaluated at the location of TXS 0506+056 and assuming the best-fitting spectral index g = 2.1
(30).The color for each event indicates an approximate value in units of TeVof the reconstructed muon
energy (muon energy proxy), which the analysis compares with expected muon energy distributions
under different hypotheses. [A distribution for the true neutrino energy of a single event can also
be inferred from the event’s muon energy (30).] The dashed curve and the solid bracket indicate the
best-fitting Gaussian and box-shaped time windows, respectively. The distribution of event weights
and times outside of the best-fitting time windows is compatible with background.

Fig. 3. Time-dependent analy-
sis results for the IC86b data
period (2012–2015).
(A) Change in test statistic,
DTS, as a function of the spectral
index parameter g and the fluence
at 100 TeV given by E2J100. The
analysis is performed at the
coordinates of TXS 0506+056,
using the Gaussian-shaped time
window and holding the time
parameters fixed (T0 = 13
December 2014, TW = 110 days).
The white dot indicates the best-
fitting values. The contours at
68% and 95% confidence level
assuming Wilks’ theorem (36) are
shown in order to indicate the statistical uncertainty on the parameter
estimates. Systematic uncertainties are not included. (B) Skymap showing
the P value of the time-dependent analysis performed at the coordinates of
TXS 0506+056 (cross) and at surrounding locations.The analysis is

performed on the IC86b data period, using the Gaussian-shaped time window.
At each point, the full fit for (F, g, T0, TW) is performed.The P value shown
does not include the look-elsewhere effect related to other data periods. An
excess of events is detected, consistent with the position of TXS 0506+056.
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corresponds to 7.5 yr, the whole observation time that the
IceCube detector had been in operation at the time of detection.
We here address similar scenarios of half a year and the whole
observation period of the Pierre Auger Observatory, which is
15 yr from 2004 January 1 to 2018 August 31. We note that
periods over which the SD was unstable have been removed
from the analysis and that during the first four years of
operation the effective area was a rapidly growing function of
time because the Observatory was under construction until
2008 June.

The average spectral fluxes of UHE neutrinos with a fixed
spectral index (_ H-E ) that would produce a single event at the
Observatory for these two periods are displayed in Figure 3 for

a spectral index of γ=2.0, assumed to hold in the energy
range between 100 PeV and 10 EeV and to be constant in time
during the corresponding time period. In this plot they are
compared to the fluxes obtained from the neutrino detected in
2017 September 22 and inferred to have energy of order few
hundred TeV, considering a period of half a year and 7.5 yr.
The plot also displays the average VHE gamma-ray flux
detected with Fermi-LAT and MAGIC over periods within a
couple of weeks around the neutrino detection date of 2017
September 22 (Aartsen et al. 2018b). These gamma-ray fluxes
correspond to the reported flaring activity and have not been
corrected for absorption in the extragalactic background light.
They are considerably larger than the average gamma-ray

Figure 2. Hours per day a source is visible in each of the search channels as a function of decl. The decl. of TXS 0506+056 is marked with an arrow.

Figure 3. UHE flux reference that would give one expected neutrino event at the Pierre Auger Observatory over a period of half a year (2017 March 22–September 22)
for a spectrum r -dN dE E 2 in comparison to the flux that would produce on average one detection like the IceCube-170922 A event over the same period (solid red
and black lines). Flux references are also shown for the Pierre Auger Observatory for a period of ∼15 yr during which it has taken data (2004 January 1–2018 August
31) and for a period of 7.5 yr for IceCube (Aartsen et al. 2018b; dashed red and black lines). The average VHE and UHE photon fluxes measured with Fermi-LAT and
MAGIC around 2017 September 22 (Aartsen et al. 2018b), and the archival photon measurement from Fermi-LAT (Acero et al. 2015), as well as the UHE photon flux
from this direction that would give one expected photon event in half a year at the Pierre Auger Observatory, are also shown for comparison.
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δ=5.7°unfavourable for Auger

As a result, for the Earth-skimming detection, the neutrino
arrival directions must be within a very small angular range of a
few degrees below the horizon. For these directions, the
effective area of the Observatory for detecting tau-flavor
neutrinos is very much enhanced relative to the search method
for downward-going neutrinos (DGH and DGL). This is the
reason why the Pierre Auger Collaboration could set the best
limit to UHE neutrinos from GW170817 (Albert et al. 2017),
the binary neutron star merger event detected in gravitational
waves and followed up in most bands of the electromagnetic
spectrum (Abbott et al. 2017). The instantaneous effective area
is highly dependent on the arrival zenith angle which is a
function of the source decl. and the hour angle, so that the
sensitivity of the Observatory is highly directional and time-
dependent (Aab et al. 2019b). This can be appreciated in
Figure 1 where the three wide colored bands span the
instantaneous effective area of the Observatory within the
zenith-angle intervals corresponding to the three search
channels. For the Earth-skimming channel the width is largest,
reflecting the rapid variation of effective area as the zenith
angle changes by only 5° from 90° to 95° reaching a maximum
at ∼91°.

The search for neutrinos from the direction of TXS 0506
+056 will be considered for periods much longer than a day.
Thus, the effective area for neutrino detection must be
integrated over time as the source position transits over
different zenith angles. In Figure 1 we have also shown the
daily average of the effective area for the Observatory in each
of the three search channels for the blazar decl. of 5°.7 (full
colored lines), where they are compared to the effective area of
the IceCube detector for the same source (Aartsen et al. 2018a).
Due to the location of the IceCube detector, the effective area
for a fixed position in space depends only on its decl. and is
otherwise independent of time for each configuration. The
width of the IceCube band here is due to the different
configurations achieved after different construction stages

(Aartsen et al. 2018a). The effective exposure can be
approximately calculated by multiplying the daily average of
the effective area for the corresponding decl., by the length of
the time period under consideration (Aab et al. 2019b). The
daily average depends strongly on decl. and this is partly
because the source is only “visible” in neutrinos during a
varying fraction of the day in each zenith-angle range. This
fraction is displayed in Figure 2 as a function of the decl. for
each of the three types of searches. The black arrow marks the
decl. of TX0506+056, indicating that the source is not at a
decl. that maximizes the observation time. This effect also
contributes to the large variations in effective area as a function
of the source decl. For periods much larger than a sidereal day
the approximation is very accurate because variations in
effective area with time have been relatively small since the
Observatory was completed in 2008 June.

3. Results and Discussion

All the data collected with the Pierre Auger Observatory
were searched for candidate neutrino events in the direction of
TXS 0506+056 with negative results. Instead of providing a
flux limit we calculate the expected flux that would have been
deduced if a single neutrino had been observed, assuming a
steady flux over a given period of time. This illustrates the
expected sensitivity to a given flux and can be easily converted
to a flux limit at 90% confidence multiplying it by a factor of
2.39 (Feldman & Cousins 1998). The results naturally depend
on the assumptions that are made with respect to the time
period over which the search is integrated. Two benchmark
scenarios have been discussed in the original article addressing
the correlated detection in neutrinos and in the HE and VHE
gamma-ray bands (Aartsen et al. 2018b). The first is of half a
year and it is motivated by the time window that gave the
largest significance to a search for an excess of neutrino-
compatible events in the archival data of IceCube, interpreted
as a neutrino flare (Aartsen et al. 2018a). The second period

Figure 1. Effective area of the Pierre Auger Observatory as a function of neutrino energy for each search channel. The shaded bands bound the instantaneous effective
area for each neutrino detection channel and indicate the variation with zenith angle in the corresponding range. TXS 0506+056 at a decl. δ;5°. 7 is viewed at the SD
of Auger for a limited amount of time (see Figure 2) and with a range of zenith angles from θ=60° to θ=95°, the sensitivity being largest below the horizon
(θ>90°). The full lines represent the effective area for the different detection channels when averaging over a full day, i.e., when including the periods during a day,
when the source cannot be seen. The instantaneous effective area of IceCube for the decl. of TXS 0506+056 is also shown for comparison. For IceCube at the South
Pole the zenith angle of TXS 0506+056 is practically constant over time and given by θ=90°+δ. The width of the gray band corresponds in this case to different
stages of IceCube construction and configuration, which depend on the period under consideration.
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dependent on the spectral neutrino emission,
Auger could potentially detect a signal
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corresponds to 7.5 yr, the whole observation time that the
IceCube detector had been in operation at the time of detection.
We here address similar scenarios of half a year and the whole
observation period of the Pierre Auger Observatory, which is
15 yr from 2004 January 1 to 2018 August 31. We note that
periods over which the SD was unstable have been removed
from the analysis and that during the first four years of
operation the effective area was a rapidly growing function of
time because the Observatory was under construction until
2008 June.

The average spectral fluxes of UHE neutrinos with a fixed
spectral index (_ H-E ) that would produce a single event at the
Observatory for these two periods are displayed in Figure 3 for

a spectral index of γ=2.0, assumed to hold in the energy
range between 100 PeV and 10 EeV and to be constant in time
during the corresponding time period. In this plot they are
compared to the fluxes obtained from the neutrino detected in
2017 September 22 and inferred to have energy of order few
hundred TeV, considering a period of half a year and 7.5 yr.
The plot also displays the average VHE gamma-ray flux
detected with Fermi-LAT and MAGIC over periods within a
couple of weeks around the neutrino detection date of 2017
September 22 (Aartsen et al. 2018b). These gamma-ray fluxes
correspond to the reported flaring activity and have not been
corrected for absorption in the extragalactic background light.
They are considerably larger than the average gamma-ray

Figure 2. Hours per day a source is visible in each of the search channels as a function of decl. The decl. of TXS 0506+056 is marked with an arrow.

Figure 3. UHE flux reference that would give one expected neutrino event at the Pierre Auger Observatory over a period of half a year (2017 March 22–September 22)
for a spectrum r -dN dE E 2 in comparison to the flux that would produce on average one detection like the IceCube-170922 A event over the same period (solid red
and black lines). Flux references are also shown for the Pierre Auger Observatory for a period of ∼15 yr during which it has taken data (2004 January 1–2018 August
31) and for a period of 7.5 yr for IceCube (Aartsen et al. 2018b; dashed red and black lines). The average VHE and UHE photon fluxes measured with Fermi-LAT and
MAGIC around 2017 September 22 (Aartsen et al. 2018b), and the archival photon measurement from Fermi-LAT (Acero et al. 2015), as well as the UHE photon flux
from this direction that would give one expected photon event in half a year at the Pierre Auger Observatory, are also shown for comparison.
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fluxes that had been recorded to date from this source, and
which are also illustrated for comparison (Acero et al. 2015).
The sensitivity of the Auger Observatory to UHE neutrinos is
about an order of magnitude below extrapolations with E−2

spectra, partly due to the nonoptimal position of the source.
We have also compared the sensitivity of the Observatory to

the neutrino flux observed by IceCube between 2014 October
19 and 2015 February 6. The analysis of this period resulted in
constraints for the normalization and spectral index of the
observed fluence (Aartsen et al. 2018a). This period of
increased neutrino flux in IceCube was not coincident with a
VHE gamma-ray flare from the same source, although a
hardening of the spectrum in the GeV region was reported
(Padovani et al. 2018). In Figure 4 we display the 1σand
2σbands of the average flux obtained from the fluence reported
assuming an activity period of 110 days as obtained from the
IceCube data analysis using a Gaussian window. The bands are
calculated using the whole parameter space allowed at 68% and
95% confidence levels in the IceCube analysis. The extreme
values of the spectral index are γ∼1.75 and γ∼2.45 (∼1.5
and ∼2.7) for the 68% (95%) CL contour plot (Aartsen et al.
2018a). The figure also displays the average gamma-ray flux
obtained for this period illustrating the reported hardening
(Padovani et al. 2018). The results obtained indicate that the
Pierre Auger Observatory could only be expected to have
detected a signal if the flux extrapolated to the EeV regime with
spectral indices harder than γ∼1.5.

With the Pierre Auger Observatory it is also possible to
search for UHE photons (Aab et al. 2016, 2019c; Niechciol
et al. 2017). For a source as distant as TXS 0506+056, any
UHE photon flux that could have been produced is expected to
be strongly attenuated through interactions with the cosmic
photon-background fields, unless new physics would occur.
The data have been searched for UHE photons between 10 and

300 EeV in coincidence with IceCube-170922 A over a period
of half a year and also in coincidence with the 110 day interval
interpreted by Aartsen et al. (2018a) as a burst of neutrinos. No
event has been found with an angular distance to the source
below 2°. The shower with closest angular distance to the
source (2°.1) was observed for the latter period and the
corresponding value of the Principal Component (PC) for
photon discrimination (Rautenberg et al. 2019) is very low, so
that less than 0.1% of the simulated photons have a smaller PC
value. As a result, the probability of this event to be a
correlating photon is less than 6×10−5. Assuming an E−2

spectrum, the photon energy flux that would give one expected
photon event at the Observatory is ´ -1.8 10 12 ergcm−2s−1.
For the half a year period in 2017 the closest event, at an
angular distance of 3°.0, has an even lower probability to be a
photon, and the reference energy flux for one detected photon
becomes 1.0×10−12 ergcm−2s−1.
In summary, we have studied the implications of the

nonobservation of UHE neutrinos with the Pierre Auger
Observatory. The source is not located at one of the preferential
declinations for observation so the flux constraints that can be
obtained are rather limited. The neutrino flux from TXS 0506
+056 at hundreds of TeV sampled by IceCube with event
IceCube-170922 was converted to a flux using a half a year
period (Aartsen et al. 2018b). If the flux from the source had an
E−2 spectrum extending to the EeV and if it had remained
constant over the lifetime of the Observatory with the same
normalization, one neutrino event could be expected to have
been observed at the Pierre Auger Observatory. We have also
shown that the Observatory could have a chance to detect UHE
neutrinos produced between 2014 October and 2015 February
only in a case in which the spectrum extended to the EeV range
with a spectral index harder than γ∼1.5 (Aartsen et al.
2018a).

Figure 4. UHE neutrino flux sensitivities for the Pierre Auger Observatory (one event expected) assuming a constant flux during a period of 110 days from 2014
October 19 to 2015 February 6 in comparison to the measured photon flux (Padovani et al. 2018) and to the neutrino flux inferred with IceCube during the same period
with a spectral index of γ=2.1±0.2 (Aartsen et al. 2018a). The band shown for IceCube is obtained using the extreme values of γ (∼1.75, ∼2.45) from the given
1σ contour plot and (∼1.5 and ∼2.7) from the 2σ contour.
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assuming 
1 ν in IceCube
per 0.5 yr

Flux needed to see
1 ν in Auger per 0.5 yr

Flux needed to see
1 ν in Auger per 15 yr

Flux needed to see
1 γ in Auger per 0.5 yr

Flux comparison from single event assuming E-2 spectrum Sensitivity of Auger to 110 days „ν flaring state“

γ=2.1

γ=1.5

γ=2.7

Auger bound during
flaring state

Single flavour 

Auger Collaboration, ApJ 902 (2020) 105 Expected to detect a neutrino in Auger only in case of  
hard neutrino spectra (+2σ allowance of IceCube)

γ’s 
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Figure 6

Spectral energy distribution of TXS 0506+056 during the flare (31). The neutrino flux estimated
by real-time alerts is from Ref. (6). LM stands for Leptonic Model.

Some of the TDEs posses relativistic jets that can be launched from the black-hole–

accretion-disk system. Swift J1644+57 is thought to be such a jetted TDE. Strong non-

thermal X rays were observed, with a typical duration of tdur ⇠ 106 s. The bolometric

radiation energy is E� ⇠ 1054 erg, implying that the beaming corrected energy is Ej ⇠
1051 � 1052 erg. Theoretically, it is widely discussed that the jets are powered by the

Blandford-Znajek mechanism (113).

Cosmic-ray acceleration in TDEs was proposed by Ref. (114), as a “giant flare” scenario,

and associated neutrino emission has also been calculated (115, 116, 117, 118, 119). The

discovery of Swift J1644+57 revealed that jetted TDEs are strong X-ray sources (120).

High-energy protons e�ciently interact with these X rays. Equation (5) infers that the

e↵ective p� optical depth is

fp� ["p] ⇠ 1
(Lb

�/10
47.5 erg s�1)

(r/1014.5 cm)(�/10)2("b�/1 keV)

✓
"p
"bp

◆
��1

, (14)

where Lb

� is the luminosity at the peak energy "b� , and � is the photon index. The above

equation implies that jetted TDEs can be e�cient neutrino emitters given that cosmic rays

are accelerated in the jet.

Non-detection of high-energy neutrinos from Swift J1644+57 implies that energy carried

by cosmic rays is less than ⇠ 30E� . The contribution to the di↵use neutrino flux is expected

to be . 10% (117, 118), which is consistent with the limit from the absence of high-energy

neutrino multiplets (118). If the disrupted star is a white dwarf, TDEs are expected to be

promising gravitational wave sources (121, 122).

16 Murase and Bartos

Kohta Murase & Imre Bartos; 
Annu. Rev. Nucl. Part. Sci. 2019 AA:1-36
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Very challenging to describe neutrino 
emission of a flaring state !

Neutrino emission in Blazar model with 
protons needs to agree with SED of photons, 
particularly with inverse Compton peak.
The dashed and full lines show two different 
fits that agree with the SED and incorporate
protons…
but yield much lower neutrino fluxes as would 
result from the single neutrino observed in 
IceCube.

Similarly: 
Leander Schlegel (Dissertation, Bochum, 2025): 
expect  in IceCube even in an neutrino 
optimised two zone blazar flare model

≪ 1ν

…for 1 ν per 
7.5 yr
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track like events cascade like events

IceCube, Antares, Auger, TA Collaborations ApJ 934:164 (2022)

2pt-correlation analysis assuming isotropic neutrinos
does not yield significant correlations:
p-values ≈ 0.15, 0.23 for track/cascade like event 

Not unexpected, given the vastly different horizons 
for UHECRs and nu’s 
Also, UHECR and nu-energies different by orders of 
magnitudes
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ACME
Astrophysics Center for Multimessenger studies in Europe
(41 Institutes from 14 countries)

https://cordis.europa.eu/project/id/101131928

Goals:
•Bring together Astrophysics and Astroparticle Physics Communities
•Facilitate Multi Messenger Observations
•Provide data and tools 

Messengers & Intrastructures:
•Electromagnetic (Multi-Wavelengths) from radio (LOFAR) … optical (BHTOM) … x- and γ-ray … TeV (CTA…)
•Neutrino (Km3Net, IceCube)
•Cosmic Rays (Pierre Auger Observatory)
•Gravitational waves (LIGO, Virgo, Kagra)

Centres of Expertise to provide support
•currently being setup  

https://www.acme-astro.eu

Regular calls for proposals for MM access to infrastructures
•  young scientists (incl. PhD students) are encouraged 
cyber-infrastructures, tools, platforms being developed, training events, … 
travel support can be provided 

https://cordis.europa.eu/project/id/101131928

