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UHECR Hybrid Multi-Particle Observatories
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Telescope Array
Utah (USA), 700 km2

to be extended to 2800 km2

Pierre Auger
Observatory
Argentina, 3000 km2

electrons. muons, radio-signals

Fluorescence light 

Fluorescence light 

charged particles

just upgraded to AugerPrime
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Auger: A 4    MM Observatory

1⃣ Neutrons and charged CRs: Θ ≤ 80°

2⃣ Photons: 30° ≤ Θ ≤ 60° 

3⃣ Down-Going Neutrinos: 60° ≤ Θ ≤ 90° 

4⃣ Earth Skimming Neutrinos: 90° ≤ Θ ≤ 95° 

5⃣ BSM Particles: Θ > 95°

π

θ θ

zenith range to be extended

extremely sensitive to EeV neutrinos
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What do CRs and UHECR 

observatories contribute  
to MM physics ?
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What do CRs and UHECR 

observatories contribute  
to MM physics ?

• Constraining EHE (1020 eV) source properties: 
a) source luminosity × volume density 
b) maximum rigidity 
c) chemical environment

• Constraining EHE source classes by anisotropies 

• Robust input to flux calculations of cosmogenic 
neutrinos and photons 

• Unprecedented sensitivity to EHE neutrinos and 
photons by UHECR observatories 
	 	 	 → partner in transient follow-up searches 

• Constraining redshift evolution of UHECR sources 

• Start to constrain galactic and extragalactic B-fields 

• Constrain bursting source scenarios 

• …

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

PRELIMINARY
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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



UHECR Energy Spectrum

8Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 2024

Pierre Auger Coll., PRD 2020, PRL 2020 (twice editor’s choice)
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Structures reveal information about
sources and propagation 
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Pierre Auger Coll., PRD 2020, PRL 2020 (twice editor’s choice)
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Measurement of local CR energy density

εCR = 4π/c∫
∞

Eankle

E ⋅ Flux(E) dE

= (5.66 ± 0.03 ± 1.40) ⋅ 1053 erg Mpc−3

→ source luminosity density

ℒ ∼ εCR/tloss = 2 ⋅ 1044 erg Mpc−3 yr−1

Typical energy loss time  at 

Full calculation with SimpProp: 

tloss ∼ 1 Gpc/c Eankle = 5 ⋅ 1018 eV

ℒ ≃ 6 ⋅ 1044 erg Mpc−3yr−1
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Measurement of local CR energy density

εCR = 4π/c∫
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Eankle
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Typical energy loss time  at 

Full calculation with SimpProp: 

tloss ∼ 1 Gpc/c Eankle = 5 ⋅ 1018 eV
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Auger Collaboration, PoS(ICRC2023)544

map smoothed with 25° top-hat
Galactic coordinates
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Auger Collaboration, ApJ 935 (2022), PoS(ICRC2023)352, 521

map smoothed with 25° top-hat
Galactic coordinates

Correlation
with Cen A: 4.0σ 

relative CR luminosities
scaled by γ-ray luminosity;
scan of Eth ,Ψ, sign. fraction

γ-AGN : 3.3 σ 

SGB : 4.6 σ (incl. TA)

Eth = 38 EeV, Ψ=23°, α=6%

Eth = 38 EeV, Ψ=25°, α=9%

5σ discovery level expected ⪞2025

Cen A

NGC 1275

Mrk 421

NGC 4945
M 82

NGC 253

need also isotropic bkg → 
these sources contribute
only 10-20% of CR flux!
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JCAP05(2023)024

Figure 11. Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the
e�ect on the relative abundances at the top of the atmosphere. The bands represent the maximal
variations given by the results in table 3. The shaded grey area indicates the energy region where
energy-by-energy estimates of the mass composition are not available (i.e. above the median of the
highest energy bin used for Xmax data) and mass predictions are mainly based on the shape of the
all-particle spectrum.

less accurate [63]. Besides, as concerns the EBL spectrum and evolution, we tested also the
Domínguez model, which has a higher spectral energy density in the far infrared with respect
to the Gilmore one. Regarding the HIM, we verified that QGSJet II-04 cannot properly
describe our data (D & 1000 in all cases), and is thus excluded from this analysis. Instead
of fixing a single HIM, we allow for the possibility to describe our data with an intermediate
model between Epos-LHC and Sibyll 2.3d by introducing an additional nuisance parameter
”HIM, limited between 0 and 1. In this way each HIM-dependent Gumbel parameter is
interpolated as alpha as –HIM = ”HIM –Epos-LHC + (1 ≠ ”HIM) –Sibyll 2.3d,8 so that ”HIM = 0
corresponds to “pure” Sibyll 2.3d and ”HIM = 1 to “pure” Epos-LHC.9

The results thus obtained are summarised in table 3 and their e�ect on the predicted
fluxes at Earth is shown in figure 11.

Regardless of the propagation models configuration, our data appear to be better de-
scribed by pure Epos-LHC or by intermediate models much closer to Epos-LHC than to
Sibyll 2.3d, making the HIM choice the dominant uncertainty among the ones from models
in terms of predictions at Earth. For example, from table 4 it is clear that a significant
worsening of the deviance is obtained when Sibyll 2.3d is assumed as the HIM and the ref-
erence propagation models configuration is used. As concerns the propagation models e�ects,
even if the impact on the deviance and on the predicted fluxes at the Earth is smaller, some
changes in the best fit parameters at the sources are observed, which are in agreement with
what is expected to compensate the di�erences in the propagation to produce similar fluxes
at the Earth. When the photodisintegration cross sections are modelled with PSB instead
of Talys, the absence of secondary alpha-particle production during propagation must be
compensated by a larger amount of helium ejected at the sources. When the EBL spectrum

8
For a given primary mass and energy, the Gumbel distribution parameters µ, ‡, ⁄ are linear functions of

the HIM-dependent parameters ai, bi, ci, so it makes no di�erence whether we interpolate the former or the
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   very hard nuclear spectra escaping from sources (assuming steady EG sources)

ℒ ≃ 5.1 ⋅ 1044 erg Mpc−3yr−1

log(Rmax) = 18.15 V ⇒ end of CR spectrum rather a source than a propagation effect !
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Figure 11. Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the
e�ect on the relative abundances at the top of the atmosphere. The bands represent the maximal
variations given by the results in table 3. The shaded grey area indicates the energy region where
energy-by-energy estimates of the mass composition are not available (i.e. above the median of the
highest energy bin used for Xmax data) and mass predictions are mainly based on the shape of the
all-particle spectrum.

less accurate [63]. Besides, as concerns the EBL spectrum and evolution, we tested also the
Domínguez model, which has a higher spectral energy density in the far infrared with respect
to the Gilmore one. Regarding the HIM, we verified that QGSJet II-04 cannot properly
describe our data (D & 1000 in all cases), and is thus excluded from this analysis. Instead
of fixing a single HIM, we allow for the possibility to describe our data with an intermediate
model between Epos-LHC and Sibyll 2.3d by introducing an additional nuisance parameter
”HIM, limited between 0 and 1. In this way each HIM-dependent Gumbel parameter is
interpolated as alpha as –HIM = ”HIM –Epos-LHC + (1 ≠ ”HIM) –Sibyll 2.3d,8 so that ”HIM = 0
corresponds to “pure” Sibyll 2.3d and ”HIM = 1 to “pure” Epos-LHC.9

The results thus obtained are summarised in table 3 and their e�ect on the predicted
fluxes at Earth is shown in figure 11.

Regardless of the propagation models configuration, our data appear to be better de-
scribed by pure Epos-LHC or by intermediate models much closer to Epos-LHC than to
Sibyll 2.3d, making the HIM choice the dominant uncertainty among the ones from models
in terms of predictions at Earth. For example, from table 4 it is clear that a significant
worsening of the deviance is obtained when Sibyll 2.3d is assumed as the HIM and the ref-
erence propagation models configuration is used. As concerns the propagation models e�ects,
even if the impact on the deviance and on the predicted fluxes at the Earth is smaller, some
changes in the best fit parameters at the sources are observed, which are in agreement with
what is expected to compensate the di�erences in the propagation to produce similar fluxes
at the Earth. When the photodisintegration cross sections are modelled with PSB instead
of Talys, the absence of secondary alpha-particle production during propagation must be
compensated by a larger amount of helium ejected at the sources. When the EBL spectrum

8
For a given primary mass and energy, the Gumbel distribution parameters µ, ‡, ⁄ are linear functions of

the HIM-dependent parameters ai, bi, ci, so it makes no di�erence whether we interpolate the former or the

latter.
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This is just an approximation, as the “true” model is not necessarily a linear interpolation between
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p + γCMB → Δ+ → p + π0

γγ
p + γCMB → Δ+ → n + π+

νμ , νe

Energy threshold Ep~6·1019 eV
Almost no protons above GZK 
threshold → strong reduction of
cosmogenic ’s and ’s ν γNuclei suffer photo disintegration 

 
at EA ⪞ 5·1019 eV
A + γCMB → (A − 1) + p, n

νe; Eν ≲ EA/A⇒ cosmogenic fluxes
    down by orders of magnitude
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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) ∝ (1 + z)m

10-11

Auger Collaboration, JCAP10 (2019) 022

cosmological evolution of sources could be 
constrained up to ƒp=0.1



Neutrinos in Air Shower Experiments

17Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 2024

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

Time traces in Water Cherenkov stations

Narrow spike in all 
stations due to high 
energy muons

⇒ ordinary hadronic origin,
     no neutrino

time (ns)
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CR → old shower at ground

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
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Typical signal traces in water Cherenkov stations

ν → young shower at ground
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
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Figure 2. Distribution of hAoPi after the Earth-skimming inclined selection. Black histogram:
full data set up to 31 August 2018 containing 25904 events. Red-shaded histogram: Monte Carlo
simulated ES ⌫⌧ events.

governed by its lifetime and the available target matter for neutrino interactions along the
earth’s chord. The neutrino search is not limited by the background due to UHECR-induced
showers since this can be very e�ciently reduced as shown in figure 2.

2.3 Downward-going (DG) neutrinos

For optimization purposes, the DG category of events is further subdivided into two sets for
Low (DGL) and High (DGH) zenith angles, between 60� < ✓ < 75� [33, 54] and 75� < ✓ <
90� [50] respectively.

Since the core of DG showers always hits the ground, standard angular reconstruction
techniques [46] can be used to obtain an estimate of the zenith angle of the shower. However,
these techniques have larger uncertainties for nearly horizontal events [46, 47]. For this reason
the primary observables for inclined selection in the DGH case are the ratio L/W of the signal
pattern of the shower at ground as well as the apparent average velocity of the signal hV i,
in addition to a simple estimate of the zenith angle ✓rec [33, 47]. In the case of DGH showers
the cuts on the properties of the signal pattern are L/W > 3, hV i < 0.313mns�1 and
RMS(V )/hV i < 0.08, along with a further requirement on the estimated shower zenith angle
✓rec > 75� (see table I in [33]). In contrast, in the DGL case, corresponding to 60� < ✓ < 75�,
restrictions on the signal patterns have been found to be less e�cient in selecting inclined
events than ✓rec [54], and only an angular cut 58.5� < ✓rec  76.5� is applied, including
some allowance to account for the resolution in the angular reconstruction of the simulated
neutrino events [54]. In both the DGH and DGL cases, at least 4 stations (Nstat � 4) are
required in the event.

– 6 –

perfect discrimination 
just by Area-over-Peak

background free measurement !

CR ν

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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Similarly, photon upper limits start to constrain
cosmogenic photon fluxes of p-sources and SHDM models

Auger Collaboration, JCAP04 (2017) 009; Universe (2022) 8, 579; JCAP05 (2023) 021
Photons can be identified by deep Xmax  
and low muon number

γ p 

data 

Upper limits on the integral flux of photons

4 October 2022Marcus Niechciol (Universität Siegen), UHECR 2022 12
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Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2022), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.
Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

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)

• Most stringent limits to date on 
the diffuse flux of photons over a 
wide energy range

• “Exotic” models strongly 
constrained

• Predictions of some cosmogenic 
models (e.g., involving GZK 
interactions) are within reach

• Limits especially useful to 
constrain models involving 
SHDM particles
[Pierre Auger Coll., arXiv:2203.08854, arXiv:2208.02353]

PRELIMINARY

[Pierre Auger Coll., submitted to Universe]
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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 40Mpc 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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100 PeV, the upper limit on an E 2- power-law spectral fluence
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and low-level triggers are formed when deviations from the
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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
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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.
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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
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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 40Mpc 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 neutrinos consistent with 
SGRB viewed at >20° angle

May have seen neutrinos if jet were pointing towards us

see also Samaya’s talk
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90% CL upper limit of energy emitted in ’s within 24 hrsν 60 day integration

M. Schimp; Auger Collaboration, PoS (ICRC2021) 968, subm. to ApJ 2024

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

∼ M⊙c2/300 ∼ M⊙c2
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(Unger, Farrar, Anchordoqui, PRD 92, 2015)
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(b) Composition at Earth

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

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

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

.
✏17.5 free 8.2 ˆ1044 erg

Mpc3 yr

evolution ⇠pzptqq fix star formation rate [37]

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

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

19 free 275

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

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

TABLE I: Parameters of the fiducial model.

from Kaskade-Grande [38].

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

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

Mpc3 yr .

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

UFA model

Nuclear disintegration in source 
region (scaling with mass A) 
(Globus et al. 2015, Unger et al. 2015, 
Fang & Murase 2017)

(Murase 2019)

Problem 1: injection of mainly heavy elements 
Problem 2: ions have to leave source 
Problem 3: hard source spectrum 
Problem 4: source population diversity 
Problem 5: large degree of isotropy 
Problem 6: it may be bursting sources

Fiducial Scenario

29Si injected, escaping

flux at source

flux and composition

at Earth

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-210

-110

1

10

210

 injected

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

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

  2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 galactic (A=56)

Auger 2013 prel.

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
a.

u.
]

τ
c 

-910

-810

-710

-610

-510
interaction
escape

 = -1.00
inj
γ

0.007±/eV) = 18.5 p
max

lg(E
0.04±) = 2.64 Fe19

esc
lg(R

0.04± = -0.764escδ

0.01± = 0.569galf
0.04± = -4.18

gal
γ

lg(fphot) = 0.00
=-2β=1.5, α = 0.11 eV, 0ε

σ) = 0 
max

(Xsys = 0, n
sys

lgE∆

/ndf = 386.74/612χ

spec: 206.149/30, lnA: 136.076/18, VLnA: 44.5156/18

evolution: SFR2, IRB: Gilmore12

f(28)= 1.0e+00

 = 9.2e+4417.5ε  yr3Mpc
erg

lg(E/eV)
18 18.5 19 19.5

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

  Auger 2014 + EPOS-LHC

lg(E/eV)
18 18.5 19 19.5

V(
ln

 A
)

0

0.5

1

1.5

2

2.5

3

3.5

4

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-210

-110

1

10

210

 injected

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

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

  2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 galactic (A=56)

Auger 2013 prel.

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
a.

u.
]

τ
c 

-910

-810

-710

-610

-510
interaction
escape

 = -1.00
inj
γ

0.007±/eV) = 18.5 p
max

lg(E
0.04±) = 2.64 Fe19

esc
lg(R

0.04± = -0.764escδ

0.01± = 0.569galf
0.04± = -4.18

gal
γ

lg(fphot) = 0.00
=-2β=1.5, α = 0.11 eV, 0ε

σ) = 0 
max

(Xsys = 0, n
sys

lgE∆

/ndf = 386.74/612χ

spec: 206.149/30, lnA: 136.076/18, VLnA: 44.5156/18

evolution: SFR2, IRB: Gilmore12

f(28)= 1.0e+00

 = 9.2e+4417.5ε  yr3Mpc
erg

lg(E/eV)
18 18.5 19 19.5

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

  Auger 2014 + EPOS-LHC

lg(E/eV)
18 18.5 19 19.5

V(
ln

 A
)

0

0.5

1

1.5

2

2.5

3

3.5

4

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N/

dl
gE

/d
t [

a.
u.

]
0

 n

-210

-110

1

10

210

 injected

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

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

  2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  39≤ A ≤20  56≤ A ≤40 galactic (A=56)

Auger 2013 prel.

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
a.

u.
]

τ
c 

-910

-810

-710

-610

-510
interaction
escape

 = -1.00
inj
γ

0.007±/eV) = 18.5 p
max

lg(E
0.04±) = 2.64 Fe19

esc
lg(R

0.04± = -0.764escδ

0.01± = 0.569galf
0.04± = -4.18

gal
γ

lg(fphot) = 0.00
=-2β=1.5, α = 0.11 eV, 0ε

σ) = 0 
max

(Xsys = 0, n
sys

lgE∆

/ndf = 386.74/612χ

spec: 206.149/30, lnA: 136.076/18, VLnA: 44.5156/18

evolution: SFR2, IRB: Gilmore12

f(28)= 1.0e+00

 = 9.2e+4417.5ε  yr3Mpc
erg

lg(E/eV)
18 18.5 19 19.5

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

  Auger 2014 + EPOS-LHC

lg(E/eV)
18 18.5 19 19.5

V(
ln

 A
)

0

0.5

1

1.5

2

2.5

3

3.5

4

17



New generation of complex model scenarios

26Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 2024

Interplay between 
confinement in source 
and disintegration of nuclei:

hard energy spectra

(Aloisio et al. 2014, Taylor et al. 2015, 
Globus et al. 2015, Unger et al. 2015, 
Fang & Murase 2017)

13

FIG. 16. Same as Fig. 12 but with HL GRB contribution
added. The maximum acceleration energy is ZE0

p,max =

1018.2ZL�iso,47
1/2 eV and �E = 0.14.

tion assuming the proton composition for the HL GRBs
and the LL GRB duration 100 times longer than the HL
GRB duration. The main results are una↵ected with the
luminosity function used in this work. If the composi-
tion for the HL GRBs is proton-dominated, the model
predicts that the composition changes at the highest en-
ergies, ⇠ 1020.2 eV.

V. CONNECTION TO THE ICECUBE
NEUTRINOS

Murase et al. [40] suggested that LL GRBs can be
the dominant sources of IceCube’s neutrinos (see also
[99, 100]). Interestingly, one of the predictions for a low
Lorentz factor of � = 5 is compatible with the IceCube
data above ⇠ 0.1 PeV [50], and the medium-energy neu-
trinos could be explained by their choked jet contribution
that can be more abundant [50]. The di↵use neutrino
flux from high-energy nuclei can be estimated using the
simple analytic formula [31],

E
2
⌫�⌫ ⇡ c

4⇡H0

3

8
⇠zfsupmin[1, fp�(EA/A)fA�(EA)

+ fmes(EA)(1� fA�(EA))]E
2
A
dNA

dEA
⇢
LL
0

⇠ 2⇥ 10�8 GeV cm�2 s�1 sr�1min[1, fp� ]fsup

⇥
✓
⇠CR/R

1

◆✓
⇠z

3

◆✓
E iso
rad

1050 erg

◆✓
⇢
LL
0

200 Gpc�3 yr�1

◆
,(10)

where the factor ⇠z includes the contribution from high-
redshift sources and fsup taking into account the possi-
ble e↵ect due to meson and muon cooling. High-energy
neutrinos from LL GRBs can be produced by the pho-
tomeson production by nuclei (with the e↵ective optical
depth fmes) and by secondary nucleons (with the e↵ec-
tive optical depth fA�(EA/A)) [15], and we have used a
rough relationship fp� ⇠ fmes considering that the pho-
tomeson production cross section is roughly proportional
to A. We can see that it is possible for the observed LL
GRBs to account for the di↵use neutrino flux observed
by IceCube, ⇠ 3 ⇥ 10�8 GeV cm�2 s�1 sr�1 if fp� ⇠ 1.
Note that fp� ⇠ 1 implies that nuclei are destroyed and
the resulting neutrino flux violates the nucleus-survival
bound [31]. This implies that the di↵use UHECR flux
and neutrino flux can be explained by LL GRBs in the
multizone model, where neutrinos come from inner radii
and UHECRs originate from outer radii [101, 102].

We also predict the flux of cosmogenic neutrinos which
are produced during the propagation of UHECR nuclei in
the intergalactic space due to the interaction with CMB
and EBL photons. The cosmogenic neutrino flux is es-
timated to be E

2
⌫�(E⌫) ⇠ 10�10 GeV cm�2 s�1 sr�1.

Note that this flux of the cosmogenic neutrinos is nearly
one or two orders lower than the prediction of the pro-
ton dominated scenario (e.g., [103–106]), so the detec-
tion would require ultimate neutrino detectors such as
GRAND [107]. On the other hand, the possible con-
tribution from HL GRBs may enhance the cosmogenic
neutrino flux if their composition is dominated by pro-
tons, in which the neutrino signals may be detected by
future neutrino detectors such as ARA [108] and ARI-
ANNA [109].

Tidal disruption events (TDEs) 
of WD or carbon-rich stars

(Farrar, Piran 2009, Pfeffer et al. 2017, 
Zhang et al 2017)

Reverse shock scenario in

low-luminosity long GRBs

(Zhang, Murase et al 2019+)

One-shot acceleration in 
rapidly spinning neutron stars 
(Arons 2003, Olinto, Kotera, Feng, Kirk …)

Relativistic reflection of

existing CR population

(Biermann, Caprioli, Wykes, 2012+, Blandford 2023)

Cen-A burst & deflection on 
Council of Giants, solving isotropy

and source diversity problem

(Taylor et al. 2023)

3

Fe Si, S
C, O, Ne, Mg

Nuclei

Proton

Neutron

RS

FS

CD

Shocked 
ejecta

Shocked 
CBM

Unshocked 
CBM

Engine-driven SNe

Unshocked 
ejecta

FIG. 1. A schematic diagram about the origin of UHECR
nuclei from GRBs. Nuclei in the stellar core can be extracted
by the relativistic outflow and accelerated to ultrahigh en-
ergies in the energy dissipation region via internal shocks or
external reverse-forward shocks. The progenitor massive star
is assumed to have an “onion-skin” structure at the onset
of core collapse with an iron core in the center (red circle)
surrounded by Silicon/Sulfur shell (purple circle) and Oxy-
gen/Carbon shell (green circle).

estimated to be R⇥ ' 5.6 ⇥ 1016E1/4
k,51.5%

�1/4
cbm,1T

1/4
4

cm,
where we adopt the “thick ejecta shell” case considering
� = cT > R⇥/2�2

0
, and T = 104 s is the engine frame

duration of the GRB ejecta [90]. This is justified when
the central engine is active for a su�ciently long time.
Note that if R⇥/2�2

0
> cT , we should consider the “thin

ejecta shell” � = R⇥/2�2

0
, where the thickness of the

ejecta shell are dominated by the velocity spreading.
The Lorentz factor of the shocked ejecta in the en-

gine frame is �⇥ ' 6.3 E1/8
k,51.5%

�1/8
cbm,1T

�3/8
4

, where we

adopt the condition %ej/%cbm ⌧ 4�2

0
for more tenuous

ejecta. The Lorentz factor of the shocked ejecta viewed
from the frame of the unshocked ejecta can be calcu-
lated from the addition of velocities in special relativ-
ity, �0

⇥ ⇡ (1/2)(�⇥/�0 + �0/�⇥) ' 1.1. The mag-
netic field strength of the shocked GRB ejecta can be
estimated assuming a fraction ✏B of the post-shock en-
ergy density is converted into the magnetic energy, B⇥ '
1.6✏1/2B,�1.3E

1/8
k,51.5%

3/8
cbm,1T

�3/8
4

G.

Once we know the Lorentz factor and magnetic field
strength of the shocked ejecta, we can constrain the RS
emission spectra. The typical break frequencies mea-
sured in the engine frame can be calculated using the
formula ⌫i = 3e�2

i B⇥�⇥/4⇡mec with some characteris-
tic Lorentz factor of electrons, �i. Here ⌫i represents ⌫m
(injection frequency), ⌫a (self-absorption frequency), and
⌫c (cooling frequency), respectively. The injection syn-
chrotron frequency in the engine frame is

⌫m ' 1.4⇥ 1013[(�0
⇥ � 1)/0.1]2

⇥ ✏
2

e,�1
f
�2

e,�2
✏
1/2
B,�1.3E

1/4
k,51.5%

1/4
cbm,1T

�3/4
4

Hz, (1)

with ✏e is the equipartition value of the thermal energy
convert to electrons, fe is the number fraction of electrons
that are accelerated. We adopt s = 2.4 as the default
electron spectral index as in Ref. [91], and the chosen
value s = 2.4 is already used in previous works in or-
der to reproduce the external reverse-forward shock emis-
sion [90, 93]. The electron cooling Lorentz factor depends
on the ratio between electron radiation time scale and
dynamical time scale �c = 6⇡mec

2�⇥/�T (Y + 1)R⇥B
2

⇥,
where Y is the Compton Y parameter. The typical cool-
ing frequency in the slow cooling regime is

⌫c ' 4.1⇥ 1013✏�3/2
B,�1.3E

�1/2
k,51.5%

�1

cbm,1T
�1/2
4

Hz, (2)

and the self-absorption frequency is

⌫a ' 3.8⇥ 109✏1/5B,�1.3✏
�1

e,�1
f
8/5
e,�2

E19/40
k,51.5

⇥ %
13/40
cbm,1T

�33/40
4

[(�0
⇥ � 1)/0.1]�1 Hz. (3)

The latter is estimated by setting the self-absorption op-
tical depth ⌧(⌫a) to unity [90, 91].
The synchrotron emission from RS can be described as

broken power law [91] (⌫a < ⌫m < ⌫c)

dn

d"
= n", max

8
>><

>>:

("a/"m)�2/3("/"a) "min < "  "a

("/"m)�2/3
"a < "  "m

("/"m)�(s+1)/2
"m < "  "c

("c/"m)�(s+1)/2("/"c)�(s+2)/2
"c < "  "max

(4)

where n", max = L", max/4⇡R2

⇥c"m is the normalization
of the di↵erential photon number density. The comoving
frame luminosity per unit energy is

L", max =
1

2⇡~
feNe

p
3e3B⇥

mec
2

= 6.9⇥ 1055fe,�2✏
1/2
B,�1.3E

9/8
k,51.5%

3/8
cbm,1T

�3/8
4

s�1
,(5)

where Ne = Ek/�0mpc
2. We show the comoving frame

di↵erential photon number density (blue lines) in Fig. 2,
which are calculated from following di↵erent parameter
sets:

• Jet-A: Ek = 3 ⇥ 1051 erg, T = 104 s, �0 = 10,
%cbm = 10 cm�3, ✏e = 0.1, fe = 0.01, ✏B = 0.01,
and s = 2.4.
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Snowmass Whitepaper
UHECR whitepaper prepared for U.S. 
Snowmass survey which is about 
particle physics in the next decade(s)

WP covers particle and astrophysics 
aspects of UHECR

almost 100 authors + 200+ endorsers

283 pages (with front- and back-matter)

to be published in Astroparticle Physics

Input from the community via 
workshops and via topical conveners
WP makes general recommendations 
and outlines a plan for experiments 
over the next decades

caveat: Snowmass targets U.S. funding 
agencies and particle physics community

see references in WP for material shown here:

https://arxiv.org/pdf/2205.05845



Summary and Conclusions

29Karl-Heinz Kampert - University of Wuppertal Görlitz Workshop, March 2024

• 1020 eV regime accessible only by cosmic rays 

• UHECRs provide important input to Multi-Messenger physics 
e.g.  EHE neutrinos and photons, source composition, interactions within sources, 
burst rates,…

• … and benefit from several other observations 
incl. B-fields, neutrinos, photons, GWs…

• UHECR observatories Partner in follow-up observations 
ACME within Europe, AMON in USA

• Multi-Messenger Astrophysics of key importance to understand EHE Universe




