UHECR sources:
What insights does the maximum rigidity distribution offer?
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And have we found a new source class?
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Searching for the UHECR sources: Combined fit approach
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----------------------- Generic Source Properties:

| Allard et al 2007/, 8, Hooper et al 2007,

Unger et al 2015, Auger Coll 2016, Kachelriess et al 2017/,
Muzio et al 2019, 2022, Mollerach et al 2020,

Das et al 2021.
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Specific source classes:

Jetted AGN - Eichmann et al 2017, 2022, Fang et al 20186,
Kimura et al 2018, Rodrigues et al 2021

GRBs - Globus et al 2015, Biehl et al 201/, Zhang et al 2018,
Boncioli et al 2018, 2019, Rudolf 2019,2022,
Heinze et al 2020

TDEs - Bienl et al 2017/, Guepin et al 2017,
Zhang et al 2019

Transrelativistic Supernovae - Zhang & Murase 2019
Starburst galaxies - Condorelli et al 2022

Relative abundances at Earth
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Maximum UHECR energy
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Maximum UHECR energy
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Maximum UHECR energy
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Hillas energy (Hillas | 964):
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Espresso acceleration (Caprioli 2015):
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UHECRs from a population with a range of maximum energies
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From identical sources to maximum rigidity distribution
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From single source to population spectrum
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From single source to population spectrum

Max. rigidity
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From single source to population spectrum

Max. rigidity
distribution
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From single source to population spectrum

Max. rigidity
distribution
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From single source to population spectrum

Max. rigidity
distribution
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From single source to population spectrum

Max. rigidity
distribution
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A curious maximum rigidity distribution
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A curious maximum rigidity distribution
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A curious maximum rigidity distribution
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Broken-power-law distributed maximum rigidity
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Comparison with luminosity functions

Ueda et al 2014, X-ray AGN Luminosity Function
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Broken-power-law distributed maximum rigidity

Individual source energy spectral index
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Broken-power-law distributed maximum rigidity

Individual source energy spectral index
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radio-loud (RL) AGN

radio-quiet (RQ) AGN

X-ray absorbers in AGN
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NALs

log[¢ (erg cm s )] =0-1.5
log[N, (cm™ %)] = 18-20
Ve|00|ty = 100-1,000 km s™
Distance scale = ~1 pc—1 kpc

BALs

log[& (erg cm s )] =0.5-2.5
log[N, (cm™ %)] = 20-23

Velocny =10,000-60,000 km s~
Distance scale = 0.001 pc-500 pc

WAs

log[& (erg cm s )] =-1-3
log[N,, (cm™)] = 21-22.5
VeIOC|ty = 100-2,000 km s™"
Distance scale = 0.1 pc—1 kpc

Observed in ~50% of
Seyfert |

UFOs

log[& (erg cm s )] =3-5
log[N, (cm™ %)] = 22-23.5
Velocﬂy = 10,000-70,000 km s™"

Distance scale = 0.001 pc—-10 pc

Laha et al 2020
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Can UFOs accelerate

Peretti, Lamastra, Saturni, Ahlers, Blasi, Morlino & Cristofari 2023
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Can UFOs accelerate protons to UHE?

Peretti, Lamastra, Saturni, Ahlers, Blasi, Morlino & Cristofari 2023
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Can UFOs accelerate protons to UHE?
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Maximum enerqgy for nuclei in UFOs?

Benchmark scenario

- 10°
10—2 ......... /1
- 10°
2103
=
o =107
5 -
£ 107 =
D)
.E =102 2
n [ o —
O s ; +
% 10 i — Photodisintegration ~\ /N, ]
ég ----- Photopion N\ _ / S T =10
© -6 T Pairproduction , i
1 —-— Acceleration // I R
Advection P 109
1074 Diffusion tO r U S
4 15 16 17 819 20 21
log(E'y/eV)
Si p10°
' 7t
10723 !
5 /
. 7ot
’g‘ 1073 /'/
= B
< A - 10°
oo T N N T e, ' L
E) 10_4 .......... IE.
_________ O
= ) 10° 2
*qé 10 1 — Photodisintegration
ée | - Photopion X/ aeaa=="T] -10!
© -6 T Pairproduction i
—-—-  Acceleration ‘
Advection _//‘/ 10°
10-7 Diffusion .- - tO r u S
4 15 16 17 8 19 20 91
log(EY/eV)

23

D. Ehlert, FO, E. Peretti, in prep

—_
=
[\)

[S
=
w

F10°

—_
=
&)

1 — Photodisintegration

Photopion

=
h——_‘-— -

Sy
o,
=
£ 1
55)10—4 B
g 102 2
2 =
*:56 10_0'; — Photodisintegration
= REEEES Photopion 1t
O T Pairproduction i
—-—+ Acceleration
Advection 10°
107 Diffusion
14 1516
5105
102 ? .

Ao Interaction rates
= g culated with
=" - calculated wit
< / 5103
RN A E CRPropa
= / /////5102.§
£ /N ;

s
=
(&)

—
7
(=}

—_
=
~J

Pairproduction
Acceleration
Advection

Diffusion

14

.1.5.

o AGN photon fields
. from Ghisellini +
Tavecchio 2009



Maximum enerqgy for nuclei in UFOs?

Benchmark scenario

D. Ehlert, FO, E. Perett, in prep
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Application to observed UFOs

Flux (keV cm~—2 s-1)
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Application to observed UFOs
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Application to observed UFOs

D. Ehlert, FO, E. Peretti, in prep
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Combined fit
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Combined fit
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Combined fit

Problem: Hard spectra needed

D. Enhlert, FO, E. Peretti, in prep
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*Assuming n, ~ 107° Mpc~2, SFR evolution
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Combined fit

Problem: Hard spectra needed

see Gonzalez, Mollerach, Roulet 202 |
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Summary

Maximum rigidity distribution: UFO:s:

Possible to reach highest energies with the most
bowerful UFOs

Sources with power-law distributed maximum rigidity
required to be near identical

But: Hard spectra required by UHECR combined fit

Additional variance expected from distribution of _inconsistent with DSA

radius, magnetic field strength, photon fields...

Vagnetic horizon + shocked ambient medium? — In
Drogress

~ew sources! (In tension with arrival directions)
Near-identical sources?
-xotic physics!
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