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Outline

® Basic UHECR models to explain measurements, and how they are currently surpassed
® with basic analyses involving cosmogenic neutrino models

® State-of-the-art of UHECR models

® and expectations for cosmogenic neutrinos, depending on UHECR parameters (focus on UHECR proton
fraction);

® refinements of UHECR scenarios allowed by current UHECR
measurements

® Example of multimessenger study, exploiting the potential of
UHE measurements

® Completing the picture for UHE neutrinos (?)

® Focus on link between UHECR scenario below the ankle and
associated neutrinos -> from confinement regions and/or
cosmogenic

® Summary
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Basic UHECR scenario



Basic models do not explain UHECR measurements

® State-of-the-art of interpretation of UHECR measurements Berezinsky et al. Phys.Rev.D 74 (2006)
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® Basic interpretation of UHECR data (as pure-proton composition
scenario, dip model) is challenged, thanks to

® mass composition measurements
® shape of UHECR flux

® upper limits on cosmogenic particles
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Basic models do not explain UHECR measurements

® State-of-the-art of interpretation of UHECR measurements Berezinsky et al. Phys.Rev.D 74 (2006)
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Basic models do not explain UHECR measurements

® State-of-the-art of interpretation of UHECR measurements

® Basic interpretation of UHECR data (as pure-proton composition
scenario, dip model) is challenged, thanks to

® mass composition measurements
® shape of UHECR flux

® upper limits on cosmogenic particles
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What information can we get from non-observation of neutrinos?

mp—y _
Op(E£,2) o (1 +2)7E 77 exp(—E/ Epyyy) 100% UHECR protons

E3J,D [GeV2 cm2 s sr‘1]

® Constraints on
® UHECR (proton) spectral parameters, from fit of UHECR spectrum
® source evolution, from non-observation of cosmogenic neutrinos
® See also: The Auger Collab. JCAP 2019; van Vliet+ PRD 2019; Muzio+ PRD 2023
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What information can

we get from non-observation of neutrinos?

O,(E,z) « (1 + 2)"E™7 exp(—E/Epp5) Varying proton

® Constraints on

contribution to UHECRs

® UHECR proton fraction, and

® source evolution, from UK

® See also: The Auger Collab. |

ECR spectrum and non-observation of cosmogenic neutrinos

CAP 2019: van Vliet+ PRD 2019; Muzio+ PRD 2023
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State-of-the art of UHECR scenarios



State-of-the-art: astrophysical scenarios for UHECRs
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Aloisio et al, JCAP 2014; Mollerach & Roulet
PRD 2020; Das et al, Eur.Phys.J. 2021; The
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State-of-the-art interpretation of astrophysical scenarios for UHECRs predicts two
components contributing below and above the ankle:



State-of-the-art: astrophysical scenarios for UHECRs
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State-of-the-art interpretation of astrophysical scenarios for UHECRs predicts two
components contributing below and above the ankle:

® Different populations of sources contributing at low energy (LE, below the ankle) and high
energy (HE, above the ankle)

® One population of sources, with softer spectrum of LE protons

® End of additional (Galactic?) spectrum needed to adjust mass composition and spectral
shape at the ankle



State-of-the-art: astrophysical scenarios for UHECRs
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State-of-the-art interpretation of astrophysical scenarios for UHECRs predicts two
components contributing below and above the ankle:

® Different populations of sources contributing at low energy (LE, below the ankle) and high
energy (HE, above the ankle)

® One population of sources, with softer spectrum of LE protons

® End of additional (Galactic?) spectrum needed to adjust mass composition and spectral
shape at the ankle
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State-of-the-art: astrophysical scenarios for UHECRs

Pierre Auger Collab. JCAP 2023
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State-of-the-art: astrophysical scenarios for UHECRs

EG components (at the escape) LE HE
Lo/(10% ergMpc > yr=1) * 11.354+0.15 | | 5.07 +0.06
v 3.52+0.03 | |-1.99 £0.11
log10(Reut/V) >19.4 18.15 +0.01
Iy (%) 48.7+0.3 0.0 0.0
Tt1e (%) 7.340.4 23.6 £1.6
In (%) 44.0+0.4 72.1 +3.3
Isi () 0.0+ 0.0 1.3+1.3
Ire (%) 0.0 £ 0.0 3.1+1.3
Dy (Ny) 56.6 (24)

Dx.. (Nx. ) 516.5 (329)

D (N) 573.1 (353)

The Pierre Auger Collab. JCAP 2023



State-of-the-art: astrophysical scenarios for UHECRs
and expectations for cosmogenic neutrinos
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State-of-the-art: astrophysical scenarios for UHECRs
and expectations for cosmogenic neutrinos
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EG components (at the escape) LE HE
Lo/(10% ergMpc > yr=1) * 11.354+0.15 | | 5.07 +0.06
5 3.52+0.03 | |-1.99 £0.11
log10(Reut/V) >19.4 18.15 +0.01
It (%) 48.7+£0.3 0.0 0.0
Ie (%) 73+04 || 23.6+1.6
In (%) 440+ 04 72.1 +3.3
Isi (%) 0.0+ 0.0 1.3+1.3
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D (N) 573.1 (353)

Due to low value of maximum rigidity of the HE population and to the mass
composition, the associated cosmogenic neutrinos are expected to peak between 1015

1017 eV

Due to the uncertainty on the

expected at larger energies with respect to the HE population

, the associated cosmogenic neutrinos can be

s an additional proton component allowed by data? How does it modify the expected

cosmogenic fluxes?




State-of-the-art: astrophysical scenarios for UHECRs
and additional proton component
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State-of-the-art: astrophysical scenarios for UHECRs
and additional proton component
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Some insights in UHECR models

® Relax the assumption of identical maximum energy at the sources

® Because of different candidate sources of UHECRs: maximum rigidity can be connected to Lorentz factor of relativistic jets, to the
observed source luminosity, etc...

ldentical sources

Ehlert+ PRD 2023: Mollerach & Roulet PRD 2020: Kachelriess & Semikoz PLB 2006
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® To minimize the superposition of nuclear species, the
population spectrum must be steep after the cutoff

® Combined with the finding on the source spectrum, data
favour the hypothesis of identical sources

® Examples rated already (for GRB variability) in Globus et al
MNRAS 2015; Heinze, Biehl, Fedynitch, DB, Rudolph &

Winter MNRAS 2020
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Some insights in UHECR models Peters cycle
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® Maximum energy defined by acceleration -> rigidity dependence injection charge Z
® Maximum energy defined by interactions -> Lorentz-factor dependence Biehl, DB, Fedynitch & Winter, Astron.Astrophys. 611 (2018)

® EeV neutrinos might be linked to scenarios excluding the Peters cycle (UHECR protons up to the highest energies), see Muzio,
Anchordoqui & Unger Phys.Rev.D 109 (2024)
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The mass composition

Some insights in UHECR models

® \Which information is the (narrow) rigidity at the highest energies telling us?

at the highest energies

Alves Batista+ Front.Astron.Space Sci. 6 (2019)
P He
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—— QGSJetll-04
—— Sibyll2.3
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® A narrow range of rigidities -> UHECRs produced in jets from
binary neutron star mergers (BNS masses constitute a very narrow
range of total mass of binary neutron stars + the post-merger
magnetic fields are produced by a dynamo whose energy source
is gravitational), see Farrar Phys.Rev.Lett. 134 (2025),
Astrophys.J.Lett. 994 (2025)

® Ultra-heavy nuclei could be produced because of r-processes, see

Zhang+ Phys.Rev.Lett. 136 (2026); Esmaeili+ arXiv:2606.23812 5



Some insights in UHECR models

® \Which information is the (narrow) rigidity at the highest energies telling us?

The mass composition
at the highest energies

® How heavy are the nuclear species contributing at the highest energies?

Alves Batista+ Front.Astron.Space Sci. 6 (2019)
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® A narrow range of rigidities -> UHECRs produced in jets from
binary neutron star mergers (BNS masses constitute a very narrow
range of total mass of binary neutron stars + the post-merger
magnetic fields are produced by a dynamo whose energy source
is gravitational), see Farrar Phys.Rev.Lett. 134 (2025),
Astrophys.J.Lett. 994 (2025)

® Ultra-heavy nuclei could be produced because of r-processes, see
Zhang+ Phys.Rev.Lett. 136 (2026); Esmaeili+ arXiv:2606.23812

23

The Auger Collab. PRD 109 (2024)

900 B
- EPOS-LHC AR
850 | =t QGSJet II-04 + AXipax
— e QGSJet 11-04 ‘/,—‘ e
[ - Sibyll 2.3d + AXmax o L
— eeeeeee- Sibyll 2.3d
— 800
) -
E -
= -
~ 750 —
\ L
n:
& 700 [
650 I~ ® Auger FD
§ , L Auger SD
600 —
R | | | | | | | | | | | | | | | | | | | | | | | | | | | | I
17.0 17.5 18.0 18.5 19.0 19.5 20.0

Ig(Epp / eV)

e A fit of depth of maximum of air-shower profiles and
ground-particle signals in WCDs at 1000 m from the
shower shows that the best description of data is
achieved when the hadronic interaction models are
shifted to deeper Xmax values and larger hadronic
signals at all zenith angles



Some insights in UHECR models

® Other (astro) results not discussed in this talk:
® Arrival directions
® Galactic and extragalactic magnetic fields
® Transient vs persistent nature of UHECR sources

® Acceleration
-> see discussion on Monday (M. Unger) and Auger talk by L. Perrone

-> Tuesday talk by M. Lemoine
-> today'’s talks by L.Comisso, G. Farrar, F. Oikonomou, T. Bister
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Some insights in UHECR models

e UHECR data require very hard spectral index at the escape from sources. It could be motivated by

Propagation in extragalactic magnetic fields, see The Auger Co

nterplay of in-source interactions and confinement, see Unger,

lab. JCAP 07 (2024)

Hard spectra

Farrar & Anchordoqui, Phys.Rev.D 92 (2015)

® Fxample for confinement: scattering of UHECRs on self-generated magnetic perturbations near sources in galaxy clusters

(CRs may be accelerated either by shocks in the intracluster medium or by individual galaxies)

o
Ii[ A

— 102 -

=

©,

P i

o 10F :

§ - — Taifr i

g F — Taw |

- 1 i Tage A N

- 15 ~ \;
i L1 LR N
10’ 108 10°
Energy [GeV]

—_ T T T T T T ]
T 1030l — L+ =10*erg/s |
m - -
- - —— L« = 10* erg/s

> | —— L« = 10% erg/s
1038} -
S I R R

V4 ! . . . s s v °
. ) _Q___l- [} ¢ '

% ————————————

—_ 1037 ———————

T L

;a -
T

10316017 — 'idls 1019

Energy [eV]

1 | L =104 erg/s _
v = E
I | —— L =10% erg/s ]
) - i
- —— L =10 erg/s
5 Olf
— - i
Wi10-2L \
o - ;
- 10_3§— E
- | | ] | | ] | Lo
108 10° 10

= =
< 9
(o) (00)

[

9
=
o

(E) [GeV cm™2 s71 sr71]

w 10-11

E2 |

10712

1014

Cermenati, Aloisio, Blasi & Evoli, Astron.Astrophys. 707 (2026) A19
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® The larger the luminosity,

® the harder the proton spectrum at Earth

® the larger the neutrino flux from the
cluster environment -> it adds on top of

the customary cosmogenic contribution

® Sece Cermenati, Aloisio & Evoli

arXiv:2605:14869 for the corresponding
analysis on UHECR nuclei

Enhancement in

‘cosmogenic” neutrinos



A complete multimessenger view with
constraints from UHE neutrino events
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Example: which UHECR population could be responsible of the KM3-230213A event?

Km3Net, PRX 2025
107° -
® Km3Net reported the measurement of a 1 T Upperfimits
neutrino of Ex220 PeV, Km3Net Nature 2025 T 1074 | KMBNeT |
o 00 = KM3-230213A E~2 fit
. S ) g C "' ____________ \ mefe= Joint £72 fit
® The corresponding energy of a parent proton O M v = e T Joint BPL fit (this work)
is about 4.4 EeV (close to the "ankle”) ‘ T —+ I ——— \ceCube fits

SPL 68% NST (2022)
10710 E SPL 68% HESE (2021)

—

(V)]
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lU)
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U ]

> | i . + —— NST (2022)
O 107 -1 - —— HESE (2021)
i ] —}— Glashow (2021)
o

10—11
104 10° 100 10’ 108 10° 1010 101

Neutrino energy [GeV]

® Test the hypothesis of cosmogenic origin of the km3Net event and of UHECR characteristics
® based on the implications it might have on diffuse gamma rays,
® considering UHECR protons allowed by measurements or upper limits, with contributions from:

® a population of sources contributing below the ankle

® a3 population of sources contributing above the ankle

® Similar studies in: Muzio+ PRD 2023; Ehlert+ JCAP 2024; Km3Net ApJL 2025; Kuznetsov+ JETP Lett. 2026, Alhebsi+ ApJ 2026; Allard+
arXiv:2608.16540
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UHECR protons below the ankle -> implications on neutrino flux
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Source emissivity of LE population normalised to match the proton spectrum obtained from the proton fraction (as from Auger ICRC 2023,
multiplied by the all-particle spectrum from Auger ICRC 2023)

Various combinations of source parameters (spectral index, maximum energy, source evolution) are used (results being in agreement with
what found for instance in Heinze, DB, Bustamante & Winter ApJ 2016)

Because of the softness of the spectral index and the limited maximum energy of the proton population, the neutrino flux is mostly due to
proton interactions off EBL

Source evolution m=3 of the LE population can account for the Km3Net neutrino flux
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UHECR protons above the ankle -> implications on neutrino flux
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® Source emissivity of HE population normalised to match 10% of the all-particle spectrum at approximately 3 x 1017eV

® Because of the hardness of the spectral index and the larger maximum energy of the proton population, the neutrino flux is mostly due to

proton interactions off CMB

® Source evolution m=3 of the LE population can account for the Km3Net neutrino flux
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Diffuse gamma rays
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Cermenati, Ambrosone, Aloisio, DB & Evoli arXiv:2507.11993

From UHECR protons above the ankle
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® Separate contributions of photo-pion and pair production processes are shown, obtained as in Berezinsky & Kalashev PRD 2016

® The contribution from pair production is dominant, due to

the softness of the spectral index of the LE proton
population

® Strong source evolutions are disfavoured by Fermi data

® The variations among different contributions are
smaller, due to the hardness of the spectral index of
the HE proton population

® Even strong source evolution is allowed
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A complete picture for neutrinos...

and the association to UHECR protons

3|



A complete picture for neutrinos (1)

E2 ® [GeV cm? g sr'1]

Murase+ PRL 2020
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A complete picture for neutrinos (1)

source environment EBL/CMB detection

A ,

e

cosrrj;;z( g, i\

%\ Unger+ PRD 2015 \%‘\

Neutrinos produced in sources
(astrophysical):

® Their intensity depends on efficiency
of interactions in the source regions
in which they are produced ->
injection of protons, production of
protons (as due to disintegration) and
their interaction/diffusion/escape

® Their energy range depend on the
proximity to the location of the
photon field with respect to the

central engine (example of AGN)
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A complete picture for neutrinos (1 + 2)

source environment EBL/CMB detection

%\ Unger+ PRD 2015

Neutrinos produced in sources Neutrinos produced in confinement regions
(astrophysical):

® Their intensity depends on efficiency
of interactions in the source regions
in which they are produced ->
injection of protons, production of
protons (as due to disintegration) and
their interaction/diffusion/escape

® Their intensity depends on efficiency of
interactions in the confinement regions
-> production of protons (as due to
disintegration) and their interaction/
diffusion/escape

® They are connected to UHECR
maximum energy at the escape from the
source (acceleration)

® Their energy range depend on the
proximity to the location of the
photon field with respect to the
central engine (example of AGN)
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A complete picture for neutrinos (1 + 2 + 3)

source environment EBL/CMB detection

Neutrinos produced in sources Neutrinos produced in confinement regions Neutrinos Produced in propagation
(astrophysical): (cosmogenic)

* Thgir inten.sity depends on eﬁici.ency ® Their intensity depends on efficiency of ® Their intensity depend on efficiency
,Of interactions in the source regions interactions in the confinement regions of interactions in the extragalactic
!n.Whl.Ch they are produced > -> production of protons (as due to space -> known uncertainties (source
injection of protons, production of disintegration) and their interaction/ evolution, EBL models)

protons (as due to disintegration) and diffusion/escape

their interaction/diffusion/escape | ® They are connected to UHECR

® They are connected to UHECR maximum energy at the escape from
maximum energy at the escape from the the confinement region

source (acceleration)

® Their energy range depend on the
proximity to the location of the
photon field with respect to the
central engine (example of AGN)
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A complete picture for neutrinos (1 + 2 + 3)

source environment EBL/CMB detection
Confinement and

cosmogenic neutrinos are
expected in the energy

range of the exposure for
UHE neutrinos in IceCube,

Auger...
%\ Unger+ PRD 2015
Neutrinos produced in sources Neutrinos produced in confinement regions Neutrinos Produced In propagation
(astrophysical): (cosmogenic)

* Th?'r intensity depends on efﬁu.ency ® Their intensity depends on efficiency of ® Their intensity depend on efficiency
f)f interactions in the source regions interactions in the confinement regions of interactions in the extragalactic
!n.Wh'.Ch they are producec i -> production of protons (as due to space -> known uncertainties (source
injection of protons, production of disintegration) and their interaction/ evolution, EBL models)

protons (as due to disintegration) and
their interaction/diffusion/escape

diffusion/escape

® They are connected to UHECR

® They are connected to UHECR maximum energy at the escape from
maximum energy at the escape from the the confinement region
source (acceleration)

® Their energy range depend on the
proximity to the location of the
photon field with respect to the
central engine (example of AGN)
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State-of-the-art: astrophysical scenarios for UHECRS he Auger Collab. Phys.Rev.D 114 (2026)

-> the origin of UHECR protons and the associated e
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State-of-the-art: astrophysical scenarios for UHECRs he Auger Collab. Phys.Rev.D 114 (2026)
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State-of-the-art: astrophysical scenarios for UHECRs

1.0 § EPOS LHC-R

-> the origin of UHECR protons and the associated

neutrinos

® Proton fraction below the ankle: if it is associated to

® nucleons from confinement (one population of
sources contributes to the UHECRs above 1
EeV), the associated neutrinos (confinement
neutrinos) might outshine the cosmogenic
neutrinos in the same energy range

® another extragalactic population (two
populations of sources contribute to UHECRs
above 1 EeV -> extragalactic component B
below the ankle?), the associated cosmogenic
neutrinos might be expected up to the highest
energies, due to the LE rigidity and the interplay
with the LE source evolution

Max energy of protons linked
to the one of nuclei above
the ankle

Max energy of protons NOT
linked to the one of nuclei
above the ankle
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State-of-the-art: astrophysical scenarios for UHECRs

-> the origin of UHECR protons and the associated

neutrinos

® Proton fraction below the ankle: if it is associated to

® nucleons from confinement (one population of
sources contributes to the UHECRs above 1
EeV), the associated neutrinos (confinement
neutrinos) might outshine the cosmogenic
neutrinos in the same energy range

® another extragalactic population (two
populations of sources contribute to UHECRs
above 1 EeV -> extragalactic component B
below the ankle?), the associated cosmogenic
neutrinos might be expected up to the highest
energies, due to the LE rigidity and the interplay
with the LE source evolution

® Proton fraction above the ankle and/or UHE neutrino events could help in discriminating

among these scenarios

Max energy of protons linked
to the one of nuclei above
the ankle

Max energy of protons NOT
linked to the one of nuclei

above the ankle
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Summary

® Confinement + Cosmogenic neutrinos can be exploited

® as an independent test of UHECR mass composition with
respect to UHECR measurements, in addition to UHECR
source evolution and spectral parameters at the escape from
their sources

® {0 investigate the characteristics of LE vs HE source
populations (or in-source interactions) contributing to the

UHECR flux

-> future prospects on detection of UHE particles will improve the
discrimination power of multimessenger scenarios including
UHECRs, moving forward from basic interpretation of UHECR data

-> investigating the mass composition of UHECRSs is the key to
move forward in UHECR astrophysics (and in particle and
fundamental physics at the highest energies)
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Population parameters

Cermenati, Ambrosone, Aloisio, DB, Evoli arxiv:2507.11993

m v Ernax [1018 eV] L [10%° Mgg%yr Qee, [ Cm3 Qr . [S Cm3
0 2.5 6.0 2.68 2.90 x 10~ 1.31 x 10710
. . .
— 3 2.01 5.0 17.3 3.09 x 10~® 1.17 x 1079
5 1.4 4.0 0.24 2.22 x 10~7 6.85 x 109
0 1.3 102 1.59 x 102 1.47 x 1010 6.02 x 1011
o . .
= 3 1.0 10 9.86 x 1073 8.46 x 10710 6.30 x 1010
5 0.7 102 6.86 x 103 5.52 x 109 6.37 x 109
E =Y
0,(E,z) = O, (E) exp (_E )(1 + z)" Wl (2) = dEE Q;-(E,z) + O] (E,z) + QJ(E, Z)]
0 max
L CaSC(Z) dEp Eg np(E 9Z) ﬁ(Epﬂ Z)
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Transport equations for messengers

Cermenati, Ambrosone, Aloisio, DB, Evoli arxiv:2507.11993

dn, .\ 3n, [b (E. n(E )] dt 0 (E.2) dt
o s Z )N ’ — | = ’ T
dz 1+z OJELY A dz A dz
dn,, N 3n, 0 E (E.2) = OP(E. ) dt
_ n(E,z) = QP(E,z) | —
dz 1+z OE|[1+z] "~ : : dz
dn 3n 0 E n dt dt
ee 4 ee n, E.7) + ee _ é)e E.7) + ggs E,7) + eP;P E.z -
dZ 1 + Z OE 1 + Z ( ) 71CS dZ [Q ( ) Q ( ) Q ( )] dZ
dn,  3n o[ E n, | dt dt
y y Y ICS
— 4 _ E, + — [ pP E, + E’ ] _
dz 1+z OE |14z AE. 2) Tpp | dZ OB+ 0,752 dz
dE,
OfE,z) = J _E n,(E, z)[ deny(€, D)P(E;, E,, ) ol (2) = [dE E [QZ_(E, 2) + OJ(E, 2) + O/(E, z)]
L, D €n(Ep)
Injection rate of secondary particles from photopion production ,
. WDeasc(2) = Ja’Ep E;n(E, z) P(E,, 2)
W, o(2) (E/ €X> If E S ey,

Q[E,z) =
/ €52 + In(ec/ex)] (Eley) T OfE 2 ey,

Injection rate of cascade gamma rays
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UHECR proton component and neutrinos

E3J(E) [GeV? ecm™2 571 sr1]

107° 5
4.'- .'l..
i g\f' |ﬁ )\'..’. [~ |‘_,._<ﬁ BN
o NG : NN
| \\ \ Ry _|_+ \ g —|ﬂ-
\ ' 11 \ 11
C?w 10~8 \\\\ ﬂ* —— ) \\ 1§y -I-—|— )
= \\\ | N \
) W T - \ :j‘JI
— \\l. N \\lﬁ
@ 9 \\ \ \ \-
9, 10 \\ \\.- \\ \\~\
%l% \\ ~\\ \\\ b
= 10 \\\ \\ \\~ \\
].O_ \\\ \\ i § \
\ ‘\ “
\1 \\ "l
10 12 14 16 18 20 10 12 14
log,y(E£/eV) log;y(E£/eV)

Alhebsi, van Vliet, Ehlert & Thoudam Astrophys.J. 1003 (2026)
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Observations
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Model predictions
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A toy-model to investigate the spectral shape and mass
composition at the escape of a source environment

® Accelerator within an environment where
cosmic rays can be confined by magnetic fields
and interact with radiation and matter fields

\\%\ ® A cosmic ray either

® escapes without changing energy,

source environment EBL/CMB detection

® Or interacts one or more times before
escaping;

cosmic ray

AW i, \%’\
‘NJ ® Typical lengths are independent of position in
%‘ \% the source environment and depend only on E,

A, Z

Number of particles of a certain . S - ¢
T = (Te_scl; + Th_ltl - species is decreasing Tese = A(E/E) Tine = D(ETEy)

exponentially with time

— (1 + R(E/E)°—)~1 Only the ratio between escape
Mese = (1 + 7:esc/Tint)_l Particles escaping without lese = ( of 0)") and interaction is relevant

Interacting

o> 0<(

it - fese i High-pass filter
Unger et al, PRD 2015 i Low-pass filter gn-p



A toy-model to investigate the spectral shape and mass
composition at the escape of a source environment

® Black body or power-law radiation field (peaked spectrum)

® Photopion production and/or photo-disintegration (resonances)
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A toy-model to investigate the spectral shape and mass
composition at the escape of a source environment

® Black body or power-law radiation field (peaked spectrum)

: : . : - — Interaction
® Photopion production and/or photo-disintegration (resonances) 10° = _ _ _ escape
— 10" \\\\i\\\\
® | ow CR energy -> high energy of the photon (above the peak) needed to reach S \; T~
the resonance energy -> steep spectrum -> time decreases '9'10_7 - —= D N
e 107
® High CR energy -> low energy of the photon (below the peak) needed -> time ©
Increases 10° |
: : : : 10° | | | | |
® The lower the energy, the more time the nuclei have to interact before escaping 12 £ 1-A<2 B P
® hardening of the spectrum and — injected
. . . = 10
® |ightening of the composition S,
5 I
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® The high-pass filter scenario leads naturally to an ankle-like feature separating 10°
the nucleonic fragments from the remaining nuclei s
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Confinement in clusters of galaxies

Cermenati, Aloisio, Blasi & Evoli, Astron.Astrophys. 707 (2026) A19
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e UHECRs escaping the source create a positive electric current density, which may excite a non-resonant streaming instability provided the energy
density carried by the current is larger than the magnetic energy density in the pre-existing field
® Relevant timescales:
® advection of the cosmic rays with the background plasma is considered
® saturation time: timescale at which the instability saturates
® ecscape time is defined as related to the diffuse time and the advection time
® [uminosity range:
® the requirement that the instability is excited translates into a minimum source luminosity in the form of cosmic rays
® the condition that the advection time exceeds the source age sets an upper limit on the source luminosity

® \When the source luminosity is within this range, cosmic ray confinement near the source occurs if the diffusion time exceeds the source age -> cutoft
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