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What we know about the sources of UHECRSs

Arrival directions

Auger Coll. 2017 Science 357 6357

0.46

0.38

Dipole: Consistent with local galaxy distribution

or local extragalactic sources (e.g. jetted AGN)

(Giacinti 201 [,, Harari et al 2014,2015,2021,
Mollerach et al 2017, 2021, Auger Coll 2017, Ding
et al 2021, Allard et al 2022, Eichmann, Kachelriess,
FO 2022)
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E > 32 EeV: Consistent with jetted AGN,
Starburst galaxies, infrared galaxies, non-
jetted AGN (Auger Coll 2018, 2022,Ap))

Auger Coll, JCAPO5(2013)009
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What we know about the sources of UHECRSs

Jansson, Farrar 2012 Beck et al 2014 Auger Coll, JCAPO5(2013)009
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What we know about the sources of UHECRSs

Spectrum & Composition

J-BE’[eVZkm ™2 sr7! yr!]

Composition: Increasingly heavy with increasing energy,

Auger Coll. 2022, JCAP

consistent with “Peters Cycle”

Possible second “light” population

(Muzio et al 2021, Das et al 2021, Auger Coll 2022, Ehlert et al 2023)
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Sources: Joint origin with PeV neutrinos possible
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Searching for the sources of UHECRS
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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.

Specific source classes:

Jetted AGN - Eichmann et al 2017, 2022, Fang et al 2018,
Kimura et al 2018, Rodrigues et al 202 |

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 201/, Zhang et al
2019

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

Sources generally assumed to
be intrinsically identical

Distribution of maximum energies:

UHECR protons: Kachelriess & Semikoz 2007
Galactic sources: Shibata et al 2010

Discrete AGN: Eichmann, Kachelriess, FO 2022



Magnetic Field Strength [G]

Maximum UHECR energy
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Maximum UHECR energy
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Ma—XImum UHECR energy Hillas energy (Hillas | 964):
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Espresso acceleration (Caprioli 2015):
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Maximum UHECR energy

Marcotulli et al 2022, Swift BAT Blazar Luminosity Function
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UHECRSs from a population with a range of maximum energies

Hydrogen — Nitrogen — Iron
Helium —— Silicon Total cosmic ray
spectrum
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* Fit UHECR spectrum and composition observables

* Assume a Peters Cycle
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* Large number of sources

* Above-ankle fit (no source interactions or second
source population)
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* Quantify the allowed "diversity” in maximum rigidity in
the UHECR source population
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From identical sources to a rigidity distribution
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From single source to population spectrum

Single Source UHECR Spectrum
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From single source to population spectrum

Population Spectrum
Power-law distributed maximum rigidity
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From single source to population spectrum

Single Source UHECR Spectrum Population Spectrum

Power-law distributed maximum rigidity
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From single source to population spectrum

Single Source UHECR Spectrum

T 10

g R~

\'/10_1‘5

Osre /

102

Source Cutoff It

| =——— Heaviside

—TTT eXp

- e e
-___———~
-—
—y
~—
—
—_—
~

102

=
w0t 0
Rigidity, R/Rumax
dN
o R s
dR

o 1005
?‘fé ]
Su
o
= 0—1-
~~
>
3,
< -
-2
10 0
dN OCR_'BPP
dRmax e

11

Population Spectrum
Power-law distributed maximum rigidity

| ——— exp

_—--—__
_——_----—-
~~
—_—
L
—_—
_—
-~
-
~
~

Source Cutoff

——  Heaviside

1071
Rigidity, R/Ro

R ™ Vore R<R
Bpop :
pop R_Vsrc_ﬂpop+1 R > RO




From single source to population spectrum

Single Source UHECR Spectrum
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Single-power-law distributed maximum rigidity
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Single-power-law distributed maximum rigidity

SIBYLL2.3c
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Single-power-law distributed maximum rigidity
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Model variations

* Rmax systematically changes with redshift

e Redshift evolution of source number density
 Minimum source redshift

* Super-exponential source spectrum cutoff

e Hadronic interaction models

* |njection composition fixed to Galactic

Model Parameter Bpop Ysrc X2
fd 5.21 204 —0.8T,% 404
bp B1, B2 18.4718:5, —3.5T0%  34.7
) q € [-5,2] 4.87209%  _0.1970%9  33.7
zZn m = —3 4.41257 0.219%  37.3

m =3 6.4610 2% —2.070%, 425

m = 6 6.461036 9241035 8.9
zm Zmin = 0.01|  29.971.™ 0.38T91%  46.2
sc A € [1,50] 4.0757 1.4370 s 33.6
fg fa 4.9702 0.73%T01e  45.5
ex Epos-LHC|  3.1719:8 1.4370 09  40.6

SIBYLL2.3c 3.5 0% 1.69 009  34.7
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Model variations

Rmax systematically changes with redshift

Decreasing Rmax preferred (less elemental mixing)

Redshift evolution of source number density

Decreasing density preferred (less elemental mixing)
Minimum source redshift

Smaller zmin preferred (fewer interactions, less mixing)
Super-exponential source spectrum cutoft

Small preference for strong cutoff- almost Heaviside spectra

Hadronic interaction models

dN

OCR_ pop

e
Worse fit with EPOS-LHC but more population variance allovv}ecd

Injection composition fixed to Galactic

Poorer fit - hard source spectra needed to compensate

dR, .« e
Model Parameter Bpop Vsrc x>
fd 5.2120:4 —0.8T,5 404
bp B1, Ba 18.4718:5, —3.5T0% 347
) q € [-5,2] 4.87209%  _0.1970%2  33.7
zn m = —3 4.472°%° 0.279% 373
m =3 6.46 1024 —2.070%, 425
m = 6 6.467050  —2.24T09%  68.9
zm Zmin = 0.01|  29.971.™ 0.38T91%  46.2
sc A € [1,50] 4.0757 1.43701a  33.6
fg fh 49792 0.73%0 16 45.5
Epos-LHC|  3.1791%8 1.437 00 40.6
SIBYLL2.3c 3.5 0% 1.69 009  34.7
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Model variations

Rmax systematically changes with redshift

Decreasing Rmax preferred (less elemental mixing)

Redshift evolution of source number density

Decreasing density preferred (less elemental mixing)
Minimum source redshift

Smaller zmin preferred (fewer interactions, less mixing)
Super-exponential source spectrum cutoft

Small preference for strong cutoff- almost Heaviside spectra

Hadronic interaction models

dN

e
Worse fit with EPOS-LHC but more population variance allovv}ecd

Injection composition fixed to Galactic

Poorer fit - hard source spectra needed to compensate

X R_ pop
dRmaX max

Model Parameter Bpop Vsrc x>
fd ~ a+26.4x% Nn o+1.4 104
bp 34.'7
71 -or all model variations: 33.7
71N 37.3
> 12.5

ﬁpop ~ 3 ?

8.9
16.2
- 90% of UHECR sources have -

> same Rmax Within a factor of three. ™
fo 15.5
o 10.6
SIBYLL2.3c ‘ 3.5 0% 1.69 009  34.7
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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

Standard Candles
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Broken-power-law distributed maximum rigidity

Standard Candles

2

1min

N

10—10

10—12

21

m—— Seyferts

1078 4 == GRBs

== All blazars

—— FSRQs
N anans TDEs

Standard candles (R?°% /R, < 10)
R 1 1/ L 1T 102
Rmax
RmaX —lljl
( R, > Rmax < RO

dN/dR_ .,

Rmax _ﬁz
< R, > Rmax > RO




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

Individual source energy spectral index

2  Shock acceleration
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Broken-power-law distributed maximum rigidity

Individual source energy spectral index

2  Shock acceleration

Standard Candles
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Summary

* First systematic investigation of allowed population
variance in maximum UHECR rigidity

*Strong constraints on astrophysical sources
* Near-identical sources or sharp cutoff in rigidity
distrib.

- Low rigidity tall exacerbates hard injection spectra

*NB: Addrtional variance expected from distribution of
radius, magnetic field strength...

*Few sources! (In tension with source # density
constraints)

*Seyferts with extra-hard injection spectra? 2 &
* Exotic physics!
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Back-up slides
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Different hadronic interaction models

Model SIBYLLZ2.3c SIBYLLZ2.3c Eros-LHC
(no shifts) (fid. shifts) (fid. shifts)

Ro [EV] 1.734 038 0.57" ¢35 1.6707
Boor 2997157 5.2555" 44707
Yore —0.2375 56 —0.8%435 01705
i 0} 073 0%}
58.170- 0fah? 36.97 05

35.0755 93.7195, 50.37:5°

5710 0.377° 11.375°9

1.1610 13 6.075% 1.4179-27

R%%0 Ry 1.08310 400 1.7270 63 1.970 72
x°/d.o.f. 45.0/26 40.4/26 56.3/26
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Redshift evolution of source number density, n(z) ~ ny - (1 + z2)"

Redshift
evolution m -3 0 3 6
Ro [EV] 0.8011%8  0.5711%8 046130  0.52+3
Boop 447239 5t 6461036 646103
Yerc 0.2198 _g.8tld _90t04 _9941035
fo %) 3.5Taes 364 (0.0l 070
ST 05 2670 08
81.37 5> 93.7120. 90.5770, 385710,
17557 03807 0799 53.0116
4.879% 60732 6.8793 85121
RYDV [Ro] | 1.97H022 172004 1.53700%7  1.53700]
x?/d.o.f. 37.3/26  40.6/26  42.5/26 68.9/26
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Redshift evolution of the maximum rigidity, R .. (2) ~ RZI(1 + )7
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Different cutoff functions (super exponential)
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