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INTRODUCTION

Cheng et al. 2021. MNRAS

* Low luminosity Fanaroff-Riley (FRO) radio galaxies [1] are potentially significant UHECR sources
capable of acceleration to the highest energies [2]. High local density (~5 X FR1s) allows for
emission of a large UHECR energy density fraction.

* FRO simulations include an approximately isotropic distribution and various intergalactic
magnetic fields (including random and structured fields).

* To determine FRO UHECR emission composition and energy spectrum snmulatlons from
CRPropa3 are fit to Pierre Auger Observatory data. : 5 ST

* Cosmogenic photon and neutrino fluxes are also predicted.

[1] Baldi, R. D. et al., FROCAT: a FIRST catalog of FR 0 radio galaxies, A&A 609 (2018) A1l.
[2] Merten, L. et al., Scrutinizing FR 0 radio galaxies as ultra-high-energy cosmic ray
source candidates, Astropart. Phys. 128 (2021) 102564.



https://www.evlbi.org/evn-newsletter/january-2022/evn-fanaroff-riley%3Dradio-galaxies
https://academic.oup.com/mnras/article/506/2/1609/6321734
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ISOTROPIC FR-0 SIMULATION [
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Simulated FR-0 redshift distribution
from Pareto fit to catalog data[1].
Isotropy probability of ~16%.

Isotropic FR-0 radio galaxy density estimated from
well-sampled FROCAT[1] catalog section.
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Local source evolution modeled by preserving FR-0 UHECR flux proportional to radio output.
correlation between radio output and redshift distance Generated by Pareto fit to NVSS data[1].

(Kendall’s correlation coeff.: -0.28, p-Value: 4.6e-5)[1]. 4



INTERGALACTIC PROPAGATION

CRPropa 3 used to simulate propagation of five nucleon (proton, helium, nitrogen,
silicon, and iron) UHECR primaries through the intergalactic medium.

Interactions with the CMB, IRB, and URB include:

 Photo-pion production (GZK effect).

e Pair-production (including double and triple).

e Inverse Compton scattering.

Gence in.terac.tions. inCIUd.e: Rart Hoinz Ramper®, Danie Kuomper 1 f”"&i" e, Gero Maler, Ginter Sigh Arien van Vieto,

* Redshift adiabatic cooling. ovd ke, o nchr Mo Wit et e,
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* Nuclear decay. .
Toolbox for Simulations of UHECR Propagation

*SimplePropagation = ElectronPairProduction | | = EM(Double/Triple)- * Redshift
* PropagationCK « PhotoPionProduction PairProduction « SynchrotronRadiation
» DiffusionSDE * PhotoDisintegration . EM'“‘-’EI"JECUthOD' « AdiabaticCooling

* NuclearDecay Scattering

Simulation Framework CR /Propa

Nucleon- . EM- General y
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* MaximumTrajectory- » ObserverSmallSphere = ShellOutput * PerformanceModule
Length « ObserverTracking * TextOutput

* MinimumEnergy + ObserverPoint * HDF50utput

* CubicBoundary *ObserverDetectAll «ParticleCollector

* SphericalBoundary » ObserverTimeEvolution

Boundaries/
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Download: Online demo in your Browser:
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Sketch by Lukas Merten




MAGNETIC FIELD AND COMPOSITION MODELS

Two Extensive Air-Shower Composition Models: EPOS-LHC and QGSJETII-04
Four Magnetic Fields:
e Structured Fields:
 Dolagetal.
* Hackenstein et al. (CLUES) Astro_1B:
1 nG Random Fields (-11/3 Kolmogorov spectrum):
* (A) (leorr) = 234 kpc (60 kpc to 1 Mpc)
o (B) (l.orr) = 647 Kkpc (60 kpc to 3 Mpc)
* And no magnetic Field
10 models total.
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https://arxiv.org/abs/astro-ph/0410419v2
https://arxiv.org/abs/1710.01353v2

AUGER FIT MODEL

e CRPropa3sim. powerlawy =1
e Fits done by reweighting simulated events (weighted sums/means...)

= E(_) (Ynew—1)

( _EO[E0>ZRcut])
wz[Eq > ZR ] = wilEg > ZR ] x € ZRcut

* Auger JCAP04(2017)038 dE

E

) X feut (E.. Zd-ilR(:ut.)

* One constant nucleon fraction: f4
* Rigidity dependent cutoff: ZR,;

1 (E < Z,-L’IRC..l_lt-)

f .cu (E . Z4 R-cu ) — , ..
- ; exXp (1 - Zﬂgmt) (E > ZﬂRcut)


https://arxiv.org/abs/1612.07155v3

COMBINED FIT

EPOS-LHC QGSJETII 04
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16 energy and 11 composition bins

* 8 Parameters:
e Powerlaw: y
e Spectrum normalization: n
* Rigidity dependent exponential cut off: ZR,;;
* 5 nucleon fit: Hydrogen, Helium, Nitrogen, Silicon, Iron.
* Fractions sum to one — 4 parameters.
e Maximum trajectory D



FIT PARAMETER RESULTS
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e x-axis is average magnetic field in nanogauss.
* Error bars: 1 Gaussian o confidence intervals around best fit for
bootstrapped simulations and bootstrapped data.



FIT PARAMETER RESULTS
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NUCLEON FRACTION RESULTS
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NUCLEON FRACTION RESULTS
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ENERGY SPECTRUM FITS

Data: Deligny, O. et al., The energy spectrum of ultra-high energy cosmic rays measured at the
Pierre Auger Observatory and at the Telescope Array, PoS ICRC2019 (2020) 234.

Zoomed In
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 Energy Spectra for all models
* Highest energies are (of course) not fit.

* FRO not expected as a significant contributor. 13



MEAN LOG MASS <InA> FITS

Data From: Yushkov, A. et al., Mass Composition of Cosmic Rays with Energies above 10172 eV
from the Hybrid Data of the Pierre Auger Observatory, PoS ICRC2019 (2020) 482
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PHOTONS — (1 nG — 234 kpc QGSJETII-04 MODEL)

THE ASTROPHYSICAL JOURNAL, 93 5 . ly 10 Abreu et al.

GZK Proton (Kampert et al. 2011)
GZK Mixed (Bobrikova et al. 2021)
Auger SD (2019), 95%
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A Search for Photons with Energies Above Red/green areas are no magnetic field and GZK only.
2x10717 eV Using Hybrid Data from the
Low-Energy Extensions of the Pierre Auger
Observatory
P. Abreu et al 2022 ApJ 933 125
arXiv:2205.14864
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https://arxiv.org/abs/2205.14864

PHOTON COMPARISONS
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NEUTRINOS

1 nG — 234 kpc QGSJETII-04
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https://arxiv.org/abs/1009.1382
https://arxiv.org/abs/1005.2620v2
https://arxiv.org/abs/1807.01820v2
https://arxiv.org/abs/1906.07422v2

CONCLUSIONS

Best Fit: 1 nG — 234 kpc QGSJETII-04 (or EPOS)

* Possibly due to effective additional fit parameter (trajectory cutoff D ;)
* Next best: No Field and CLUES structured field with EPOS composition.

Trends with increasing magnetic field strength:

* v, R.ut» Doy, and Norm all tend to increase.
e Stable: Proton emission.

* Increases: Helium and Nitrogen emission.
* Decreases: Silicon and Iron emission.

Photon spectra: higher flux than expected for mixed composition from GZK only.
* Increases with magnetic field strength.

from Kotera model for mixed composition.
* Increases with magnetic field strength. z<0.05

18



COMMENT RESPONSES
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—— Fit: y = -0.35x + 7.05
Lower C.I1. (1o)

ADDING Var(InA) Sttt

 EPOS-LHCVar(IlnA)
e Invalid values

_1'f8.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0

° S|Ope -0.29 .|../_ 0.30 log1o(E/eV) (Detected)
* Not significant with uncertainties in A transform.
* Transforming A to X . transfers uncertainty to simulation.

than Var(InA) y*:
e Constrain simulation variance slope +/- 1co.

e x%:2.67t07.45

e Gammay:2.67to3.14

e Rigidity cutoff: 37 x 108 t0o 21 x 1018

* Trajectory cutoff: 424 Mpc to 225 Mpc

e Observed nucleon fractions: BT
e« Proton: 34% to 52% * 1nG 234 kpc magnetic field
e Helium: 27% to 0%
* Nitrogen: 25% to 34%
e Silicon: 6% to8.3%
* lron: 7% t0 5.4%
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EFFECT OF EXTENDING MAXIMUM Z

e Combined fit of spectrum and composition data as measured by the Pierre Auger

Observatory
 JCAPO04(2017)038 arXiv:1612.07155v3

* One constant nucleon fraction: f 4
* Rigidity dependent cutoff: ZR .,;;

source evolution 02 | et [V D)y DX pax)
; 171.7
161.1
154.6
163.3

164.0

42694001 19507005 L1786

Table 10. Best fit parameters (reference model) corresponding to different assumptions on the

evolution or spatial distribution of sources.

e Limiting z results in
e Softer emission spectrum.
* Higher rigidity cutoff.

21


https://arxiv.org/abs/1612.07155v3

EFFECT OF EXTENDING MAXIMUM Z

e Combined fit of spectrum and composition data as measured by the Pierre Auger
Observatory
e JCAP04(2017)038

* One constant nucleon fraction: f 4

* Rigidity dependent cutoff: ZR .,;; e Limiting z results in

* A softer emission spectrum.
* A higher rigidity cutoff.
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EFFECT OF EXTENDING MAXIMUM Z
- 1 nG 234 kpc MAGNETIC FIELD

Extrapolating to FRO sources z = 0.05 to 0.5 (simulate 0 to 0.5):
* Proton ratio (detected nucleons)/(emitted nucleons) is ~1/24* that of z = 0 to 0.05.
* Neutrinos (detected neutrinos)/(emitted nucleons) is ~1/68t" .
e Iron ratio is ~1/51th,
e Neutrinosis ~1/26,
* A significant computing penalty (small sampling above...).
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EFFECT OF EXTENDING MAXIMUM Z
- IRON: 1 nG 234 kpc MAGNETIC FIELD

 Updated CRPropa 3
e Extrapolating to FRO sources z = 0.05 up to 0.5 (simulate 0 to 0.5)

¥ Propagated ¥ Propagated ¥ Propagated

[ : : : ; : ; ! [ : : : ; : ; ] 0 I : ; ; : ; ]
18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0 18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0 18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0
log;o(E/eV) log;o(E/eV) log;o(E/eV)

Uptoz=0.05 toz=0.2

* Iron propagation does not change
significantly pastz=0.1

e Uptoz=0.5hastoo high
computation cost.

e Currently generating z = 0.2.

Uptoz=0.5
(smaller stats)

|+ T 3

18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0 24
logio(E/eV)

0




EFFECT OF EXTENDING MAXIMUM Z

= IRON: 1 nG 234 kpc MAGNETIC FIELD

 Updated CRPropa 3
e Extrapolating to FRO sources z = 0.05 up to 0.5 (simulate 0 to 0.5)

—— Thrown y=-1.0 | —— Thrown y=-1.0 —— Thrown y=-1.0
T Propagated T Propagated T Propagated
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logio(E/eV) logio(E/eV) logio(E/eV)

Uptoz=0.05 toz=0.2

—— Thrown y=-1.0

* Iron propagation does not change T Propagated
significantly pastz=0.1 |
e Uptoz=0.5hastoo high
computation cost. |
e ' Currently generatingz=0.2 | H
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(smaller stats)
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EFFECT OF EXTENDING MAXIMUM Z

= IRON EMITTED NEUTRINOS: 1 nG 234 kpc MAGNETIC FIELD

 Updated CRPropa 3
e Extrapolating to FRO sources z = 0.05 up to 0.5 (simulate 0 to 0.5)

IRON EMITTED NEUTRINOS

10—15 ¥ ] | I I [ A A R
Propagated "\ ¥ Propagated . Propagated
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17 t ' ' ' [ 16 17 18
logio(E/eV) logio(E/eV)

Uptoz=0.05 toz=0.2

¥ Propagated

* Iron propagation does not change
significantly pastz=0.1
e Uptoz=0.5hastoo high
computation cost.
e Currently generatingz=0.2 [
- 15'4 15 16 17 1';]( ? 19 20 21 26

logio(E/eV)

Uptoz=0.5
(smaller stats)




EFFECT OF EXTENDING MAXIMUM Z

= IRON EMITTED NEUTRINOS: 1 nG 234 kpc MAGNETIC FIELD

 Updated CRPropa 3
e Extrapolating to FRO sources z = 0.05 up to 0.5 (simulate 0 to 0.5)

IRON EMITTED NEUTRINOS

10

Up toz=0.05 Uptoz=0.2

 More neutrinos.
* Seems to affect lower energy more.




CONCLUSIONS

* New simulations with new version of CRPropa 3
* Changes in mean log A and energy spectrum.

e Adding variance of InA not possible (negative values).
e Aflat line is compatible within 1sigma of linear fit.
* Converting simulation to Xmax transfers InA large error bars to simulation.
* Would seem to not contribute much to chi-square.

e Extending maximum redshift z.
* Increases neutrino flux.
e Softens emitted spectrum.
e Fitted gamma will decrease.
* Does not significantly change z > 0.1.
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