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Low luminosity Fanaroff-Riley Type 0 (FRO) radio galaxies can be significant UHECR flux contributors[1].
FRO outnumber more powerful FR radio galaxies by ~5Xx (z<0.05). Cheng et al. 2021. MNRAS

This comprehensive CRPropa3 simulation study estimates FRO emitted UHECR mass composition and

energy spectra.
Integrates FRO properties[2] and intergalactic magnetic fields (random and structured).

Fitting spectral indices, rigidity cutoffs, and elemental fractions to Pierre Auger Observatory’s spectrum
and composition, probes the FRO source contribution.

Secondary photon and neutrino fluxes from cosmic photon background in /ractions are compared with
current upper limits and theoretical models. St

[1] Merten, L. et al., Scrutinizing FR 0 radio galaxies as ultra-high-energy cosmic ray source candldates,,A_sterant Phys ] 021) 102564.
[2] Baldi, R. D. et al., FROCAT: a FIRST catalog of FR 0 radio galaxies, A&A 609 (2018) Al. - o a
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https://www.evlbi.org/evn-newsletter/january-2022/evn-fanaroff-riley%3Dradio-galaxies
https://academic.oup.com/mnras/article/506/2/1609/6321734

Full-sky isotropic FRO radio galaxy density estimated from
well-sampled FROCAT[1] catalog section.
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Previous results:

z<0.05

Source evolution modeled by preserving radio output and redshift-
distance correlation (Kendall Corr. Coeff: -0.28, p-val: 4.6e-5)[1].
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Simulated FRO redshift distribution from Pareto fit to
catalog data[1]. Isotropy p-val = 16%.
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CONSTANT FRACTION FIT



: SIBYLL2.3¢c, EPOS-LHC and QGSJETII-04

Tables in apt
Dolag et al.

CLUES -- Hackenstein et al. (Astro_1B):

A: (leorr) = 234 Kpc, B: (I o) = 647 Kpc

Minimize

> Xho/dof = ) xk/dofr+ ) x?/dof

Power Law: y
Spectrum Normalization: n
Rigidity-Dependent Exponential Cutoff: ZR,;
H, He, N, Si, Fe
* Y fa=100% -
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CRPropa3 Sim. Power Lawy = 1
Reweight Simulated Events
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Constant Nuclei Fractions: f 4
Rigidity Dependent Cutoff: ZR,,;

Auger JCAP (2017)




Data from:
Deligny, O. et al., PoS ICRC2019 (2020) 234
Yushkov, A. et al., PoS ICRC2019 (2020) 482
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nergy spectra for 10 models e (InA) for 10 models.

* FRO not expected as a significant contributor.
e Contribution from other sources? SGBs? J



https://iopscience.iop.org/article/10.1088/1475-7516/2024/01/022
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Error bars: 1 Gaussian o C.I.
around best fit for bootstrapped
sims & Gaussian sampled data.
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CLUES-SIBYLL

Red/green areas are no magnetic field and GZK only.
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“A Search for Photons with Energies Above 2x10717 eV

Using Hybrid Data from the Low-Energy Extensions of

the Pierre Auger Observatory” Integral photon flux for 10 models

P. Abreu et al 2022 ApJ 933 125
arXiv:2205.14864



https://arxiv.org/abs/2205.14864
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Kotera et al: JCAP (2010)

Ahlers et al: Astropart.Phys.(2010)
IceCube: Phys.Rev.D(2018)

Auger: JCAP10 (2019)

—
-
I
]
-
I
)
1]
~N
I
v
>
1]
O
e
~N
w
*
—
w
S
>
—

EPOS
SIBYLL
Model Range

No Field (EPOS) ¢ CLUES (SIBYLL)
No Field (SIBYLL) 4 Rand. A (EPOS)
Dolag (EPOS) Rand. A (SIBYLL)
Dolag (SIBYLL) b Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL)

17 18
logio(Ev/eV)

Neutrino flux for 10 models

11


https://arxiv.org/abs/1009.1382
https://arxiv.org/abs/1005.2620v2
https://arxiv.org/abs/1807.01820v2
https://arxiv.org/abs/1906.07422v2

Next best: CLUES structured field with EPOS EAS model.
Generally EPOS is the best fit — third: Rand.A-EPOS, fourth: Rand.B-EPOS

Small increase: y

Small decrease: R_,;;
Increases: Helium and Nitrogen emission.
Decreases: Proton, Silicon, and Iron emission.

Small decrease: Proton+Helium emission.

Flux increases with magnetic fields at highest energies.
Below experimental limits.

Flux generally increases with magnetic fields at highest energies.
Below experimental limits
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EVOLVING FRACTION FIT



Two Structured Fields:

e Dolagetal.

e CLUES -- Hackenstein et al. (Astro_1B):
Two 1 nG Random Fields:

o A:{leorr) = 234 Kkpc, B: (I o) = 647 Kpc
And No Magnetic Field

Minimize: ¥, x7,;/dof = ¥ x%/dofg + ¥ x2/dof ¢
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* Powerlaw:y

e Spectrum Normalization: n

* Rigidity-Dependent Exponential Cutoff: ZR,,;
H, He, N, Si, Fe

e Maximum Trajectory D

CRPropa3 Sim. PowerLaw y = 1
Reweight Simulated Events
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Rigidity-Dependent Cutoff: ZR,,;
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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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RAND.B-SIBYLL

Red/green areas are no magnetic field and GZK only.
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“A Search for Photons with Energies Above 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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Ahlers et al: Astropart.Phys.(2010)
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https://arxiv.org/abs/1906.07422v2

Next best: Rand.B field with EPOS EAS model.
Generally EPOS is the best fit — third: CLUES-EPOS, fourth: CLUES-SIBYLL

Increases: y
Rather stable: R.,;;

Increases: Proton emission.

Rather stable: Light emission.
Decreases: Heavy emission.

Flux increases with magnetic fields.
Below experimental limits.

Flux increases with magnetic fields.
Below experimental limits.

21



APPENDIX



CONSTANT FRACTION ADDITIONAL



INTERGALACTIC PROPAGATION

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

Interactions with the CMB, IRB, and URB include:
e Photo-pion production (GZK effect).

e Pair-production (including double and triple).
* Inverse Compton scattering.
General interactions include:

e Redshift adiabatic cooling.

* Nuclear decay.

c
z
]
=
1]
ke
=
-
>
o
]
@
-
7]

Download: Online demo in your Browser:
http:// http
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VARIANCE RESULTS

EPOS-LHC QGS)ETI D4 SIBYLL 2.3c

 No field-Sibyll: 3.38 £ 0.04

e No field-EPOS: 3.36 £ 0.07 HHHHHH | *

* No field-QGS4: 2.49 £0.12 .--pure compastion .*.i..l}+.}+‘}.|.+..l... bl

e Dolag-Sibyll: 2.52 £ 0.06

* Dolag-EPOS:  2.21+0.08 2 I e 185 I8h 185 36 Th T8 IEh 185 186 i85 I Th 195 186 85 186 185 506
e Dolag-QGS4: 1.7110.06 lg(E/eV)

e CLUES-Sibyll:  3.29 + 0.06
e CLUES-EPOS: 2.66+0.10
e CLUES-QGS4: 1.70+0.09

* 1nglmpc-Sibyll: 1.19 + 0.04 Does not include muon uncertainty

* 1nglmpc-EPOS: 1.16 £ 0.05 Yushkov, A. 2020, PoS, ICRC2019, 482
* 1nglmpc-QGS4: 0.66 + 0.04

e 1ng3mpc-Sibyll: 1.23 + 0.02
* 1ng3mpc-EPOS: 1.22 + 0.02
* 1ng3mpc-QGS4: 0.62 +0.01
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—— Fit: y = -0.35x + 7.05
Lower C.I. (10)

ADDING Var(InA) Rt

EPOS-LHC Var(lnA)

_l'fB.G 18.8 19.0 19.2 19.4 19.6 19.8 20.0
logi0(E/eV) (Detected)

than Var(InA) y*:

e x?:2.67t07.45

 Gammay:2.67 to 3.14

* Rigidity cutoff: 37 x 1018 to 21 x 1018
e Trajectory cutoff: 424 Mpc to 225 Mpc

e Observed nuclei fractions: —
e Proton: 34% to 52% * 1 nG 234 kpc magnetic field

e Helium: 27% to 0%
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FIT RESULT TABLES

No Field | oYLl : 813" 1.337" 0oos
A wba L&) a0 qE A g o 2 % T B3T G v
QG4 2477008 | 19437938 4370 | 1.33873:908
SIBYLL 2.29%07% | 19.7475% 8901320 | 1.34110:008
.76

£
£

EPOS 231011 19.7510-93 T ).
QGS4 2231008 [ 19 64+0.10 890135 | 1.33510:008
cLugs | SIBYLL 541000 19.45+0-50 342+ 1.3547500%

EPOS 1.87 2.431700% 19.51+0-0% 342+ 1.34710-006

QGS4 3.10 32150 19.56 1007

SIBYLL 407097 19.86+013

5POS

QS
EPOS 2.3370:%% : 343+ T 1. .
e LoTo | loszol | mm | Lot

Table 1: The FR0O combined fit results total sum chi-square per degree of freedom, spectral index 7, exponential rigidity cutoff (logi1o(Rcut)),
trajectory cutoff {Dgut), and spectrum normalization for all 15 models. The three extensive air-shower models are EPOS-LHC (EPOS),
Sibyl12.3¢ (SIBYLL), and QGSJetll-04 (QGS4).




FIT RESULT TABLES

No Field | YLl >
EPOS
QGS4 :
SIBYLL 343152, 0.073%6 | 843100 [ otl66
EPOS e 0.0H87.9 [ 90 gt00 | 0.0t00 : 0
QGS4 97.119¢ 5441385 | 4271587 2.9109
SIBYLL 810, 45185 | 17.31652 [ ot00
EPOS
QGS4 3. .
SIBYLL 69.31 1073 0.0+43, 9.3183 | 24.5H192 | 1.3 49710
EPOS 5 23 3L :
QGS4 98.915-0 57.97151 | 41.07399
SIBYLL g
EPOS : _ _
QGS4 95.81 )1 45.671L0 [ 502790

s -J—'_‘.i:'{_l

CLUES

s fm
T
A
I

Table 3: The FR0O combined fit nuclei emission percentages for proton, helinm, nitrogen, silicon, and iron primaries for all 15 models.
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FIT RESULT TABLES

Table 2. Constant Fraction Boolsirap Encrgy Spectrum Paramelers
Field Model Xy*/dof ¥ logio(Rewe /V) Do /Mpe n
SIBYLL 321 248 102 gggioz 4310 14110006
QUGS 3.47 245" 0 19.43" 5o 843! 1335 oo
SIBYLL 4.41 20705 19.04 F 27 Y 1.339 ' oas
EI'0OS 4.74 2330000 19.37 ' 051 1% R 1.334 ' oo
QGS4 6.28 224 0 19.64" o goa'hy 1335 hos
SIBYLL 176 254"y 1941755 Ba2ly 135200y

EIPOS 1.87 2 411007 19.51 1015 B42,! 1.346 ! 0-005

Mo Field

Dyolag

CLUES

QGS4 3.10 231 19.56" 5 o g42'] 1337 ' s

SIBYLL  2.84 2,36 1 020 19 87! 16t ST R 3431 5-bo
EPOS 2.15 2.31 1008 19.67" -1 L R T &
QGS4 2. 2,25 0 or 19.59 " i L% e 42!

SIBYLL 2! 2430 0 19.70 ' 105 Bha ! i T gt
EPOS 2.3 236 0 0 19.54 "' 0 #5417 346

F

QGS1__ 260 21541t 194p'pE  eamis  13a2/gom

Rand. A

Hamd B

MNotes. The FRO constanl [raction combined L boolstrap distribution most probable speciral index v, exponcential
rigidity culoll (logi(Beoe /V)), trajectory cutoll (Dege), and spectrum normalization for all 15 conligurations.




FIT RESULT TABLES

Table 4. Constant Fraction Boolsirap Composition Paramelers

Field Model

SIBYLL

Mo Field
EIPS

QIS4
SIBYLL
KOS
QIS4

Dolawg

SIBYLL
EI"0OS

CLUES

SIBYLL
KOS
Q54

SIBYLL
KOS
Q54

Rand. A

Hand. B

MNotes. The FRO constanl [raction combined U boolstrap distribution most probable nuelei emission percentages [or

(%) + e (%)
B6.3 0 oL
ry oo |l
928755

07.610-8

sy B0
B2 4

;4.8
ME 4y

070’
0165
gq 2118
97510

0.0 1

R7.6'5E
08.4' 1]
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4 180
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Ut pg

| 10T
14" 1%
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1
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20,0 |
63.0'
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377!

proton, helinm, nitrogen, silicon, and iron primarics for all 15 configurations.
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M
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OBSERVED NUCLEI FRACTIONS

Nitrogen
f f

o e
) )

Fraction Observed
o
A

- - - | F - - - - CI-l - - - 1 F - - - — - - P ——— 1 i - - -
0.02 0.04 0.06 0.08 0.92 0.94 096 098 1 0 0.02 0.04 0.06 0.08 0.92 0.94 096 098 1 0 0.02 0.04 0.06 0.08 0.92 0.94 0.96 0.98

Silicon
f f

No Field (EPOS) —&— CLUES (SIBYLL)

- —— No Field (SIBYLL) #- Rand. A (EPOS)
Dolag (EPOS) —#— Rand. A (SIBYLL)

 —#— Dolag (SIBYLL) Rand. B (EPOS)
#- CLUES (EPOS) #— Rand. B (SIBYLL)

0+ - —= (- i F v v v
0 0.02 0.04 0.06 0.08 0.92 0.94 0.96 0.98

i.
!.

0-— v v - ) F v v v
0 0.02 0.04 0.06 0.08 0.92 0.94 0.96 0.98

Nuclei Fraction Versus Magnetic Field




Ratio: Secondaries/Emitted

[

Q
=
¥

SECONDARY RATIOS

10-13.

18.6 18.8

No Field (EPOS)
No Field (SIBYLL)
Dolag (EPOS)
Deolag (SIBYLL)

| o

-

19.0 19.2

Proton

CLUES (EPOS) 4 Rand. A (SIBYLL)

CLUES (SIBYLL)
Rand. A (EPOS)

o -
-
e a,

logio(Eo/eV) (Emitted)

No Field (EPOS)
No Field (SIBYLL)
Dolag (EPOS)
Deolag (SIBYLL)

itted

/Em

-
.
-

Ratio: Secondaries,

-7
10 18.6 18.8

Rand. B (EPOS)
Rand. B (SIBYLL)

19.4 19.6 19.8 20.0

-
-
. 2

19.0 19.2

No Field (EPOS)
No Field (SIBYLL)
Dolag (EPOS)

i Dolag (SIBYLL)

Emitted
[}
=]

&

/|

N
: Sy

Seco&daries
<
-~

-9
10 18.6 18.8

Silicon

CLUES (EPOS) @ Rand. A (SIBYLL)
CLUES (SIBYLL) Rand. B (EPOS)
Rand. A (EPOS) Rand. B (SIBYLL)

i
.-

19.4 19.6 19.8 20.0

Helium
CLUES (EPOS)
CLUES (SIBYLL)
Rand. A (EPOS)

e e
- ™

19.0 19.2 19.4
logio(Eo/eV) (Emitted)

itted

/Em

Ratio: Secondaries,

-7
10 18.6

Nitrogen
No Field (EPOS) CLUES (EPOS)
No Field (SIBYLL) # CLUES (SIBYLL)
Dolag (EPOS) Rand. A (EPOS)
Dolag (SIBYLL)

Rand. A (SIBYLL) 1073
Rand. B (EPOS)
Rand. B (SIBYLL)

g S

Ratio: Secon?_.a ries/Emitted
o
|

-7
19.6 19.8 20. 1013.6 18.8 19.0 19.2 19.4 19.6

logio0{Eo/eV) (Emitted)

Iron
CLUES (EPOS) @ Rand. A (SIBYLL)
CLUES (SIBYLL) Rand. B (EPOS)
Rand. A (EPOS) Rand. B (SIBYLL)

No Field (EPOS)
No Field (SIBYLL)
Dolag (EPOS)
Deolag (SIBYLL)

18.8 19.0 19.2 19.4 19.6 19.8 20.0

Rand. A (SIBYLL)
Rand. B (EPOS)
Rand. B (SIBYLL)

19.8 20.0

logio(Eo/eV) (Emitted) logio(Eo/eV) (Emitted)

 Total ratios used to convert constant observed fractions to emitted fraction.




FRACTIONS EMITTED

Nitrogen
Rand. A (EPOS) Dolag (EPOS) # CLUES (QG54)
Rand. A (QGS4) ¥ Dolag (QGS4) No Field (EPOS)
Rand. B (EPOS) CLUES (EPOS) ¥ No Field (QG54)
Rand. B (QG54)

o
o

Helium
Rand. A (EPOS) # Dolag (QGS4)
Rand. A (QGS4) CLUES (EPOS)
Rand. B (EPOS) CLUES (QGS4)
Rand. B (QGS4) No Field (EPOS)
Dolag (EPOS) # No Field (QG54)

o

w
[=]
[
N

°
B
en Fraction
€ =
[
=]

o
o
@

o
N

Proton
Rand. A (EPOS) ¥ Dolag (QG54)
Rand. A (QG54) CLUES (EPOS)
Rand. B (EPOS) CLUES (QG54)
0.2 Rand. B (QG54) No Field (EPOS)
Dolag (EPOS) i Mo Field (QG54)

n 0.
0 fs.e 18.8 19.0 19.2 19.4 19.6 19.8 20.0 ]?3.5 . . 19.2 19.4 19.6 19.8 20. 18.8 19.0 19.2 19.4 19.6 19.8
logio(Eo/eV) logio(Eo/eV) logio(Eo/eV)

Source Heligm Fraction
W
urce Nitrog
e @e
=] =]
B o

o
=

Jo.3.
w

Silicon Iron
0.18 Rand. A (EPOS) Dolag (EPOS) ¥ CLUES (QGS54) 0.08 —— Rand. A (EPOS) Dolag (EPOS) ¥ CLUES (QGS54)
§ Rand. A (QG54) Dolag (QGS4) No Field (EPOS) Rand. A (QGS4) Dolag (QGS4) No Field (EPOS)

0.16 Rand. B (EPOS) CLUES (EPOS) & No Field (QG54) 0.07 /! Rand. B (EPOS) CLUES (EPOS) & No Field (QGS4)
c Rand. B (QGS4) Rand. B (QGS4)
Q ] c
$0-14 60.06 |
g g

0.12
fra ©0.05 |
50.10; e
o 60.04 1
=0.08 | =
“ 90.03{
90.06 =
I

=
30.0a, T+ 50.02/
8 , .

0.02| .4t T+ + Ak g 0.01{ -

r

o - 0.0
19.4 19.6 19.8 20.0 ]?3.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0
logio(Eo/eV) logio(Eo/eV)

Emitted fractions in E ins for observed constant fraction




OBSERVED <InA>

Nitrogen
Helium No Field (EPOS) CLUES (EPOS) # Rand. A (SIBYLL)
No Field (EPOS) CLUES (EPOS) i Rand. A (SIBYLL) No Field (SIBYLL) # CLUES (SIBYLL) Rand. B (EPOS)
No Field (SIBYLL) % CLUES (SIBYLL) Rand. B (EPOS) Dolag (EPOS) Rand. A (EPOS) Rand. B (SIBYLL)
Dolag (EPOS) Rand. A (EPOS) Rand. B (SIBYLL) Dolag (SIBYLL)
Dolag (SIBYLL)

w
e

N
(7

N

InA> Observed
H ok
e N u
o wu o
=

wn

<
e
]
wu

?.." <InA> Observed
5 :

elium
e
o
(=]
g

Nitro
o
4]

To.25/

0,00+ e o0
]?8.6 18.8 19.0 19.2 194 19.6 19.8 20.0 ]?8.6 18.8 19.0 19.2 194 19.6 19.8 20.0
logio(E/eV) (Observed) logio(E/eV) (Observed)

@
92.5
°

A2.01

-
. 15
Silicon v i - Iron

No Field (EPOS) ¥ CLUES (SIBYLL) gl 0 1 No Field (EPOS) ¥ CLUES (SIBYLL)
o .

No Field (SIBYLL) Rand, A (EPOS)
Dolag (EPOS) ¥ Rand. A (SIBYLL) | [ Dolag (EPOS) " Rand, A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS) 0.5 } Dolag (SIBYLL) Rand. B (EPOS)

CLUES (EPOS) Rand. B (SIBYLL) CLUES (EPOS) Rand. B (SIBYLL)

L0 e e, o0
]?8.6 18.8 19.0 19.2 194 19.6 19.8 20.0 ]?8.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0
logio(E/eV) (Observed) logio(E/eV) (Observed)

No Field (SIBYLL) Rand. A (EPOS)




ENERGY SPECTRUM FITS

No Field (EPOS) CLUES (EPOS) # Rand. A (SIBYLL)
No Field (SIBYLL) # CLUES (SIBYLL) Rand. B (EPOS)
Dolag (EPOS) Rand. A (EPOS) Rand. B (SIBYLL)
Dolag (SIBYLL)

|
[

)
~
—

:

o
—
L
—
—

1

E

0
—
L
—
=

I
N

_fB.G 18.8 19.0 19.2 19.4 19.6 19.8 20.0 20.2
logio(E/eV)

Energy Spectra Residuals for all models
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EFFECT OF EXTENDING TO Z2=0.5

- 1 nG 234 kpc MAGNETIC FIELD

Extrapolating to FRO sources z = 0.05 to 0.5:

* Proton ratio (detected)/(emitted nuclei) is ~1/24 that of z = 0 to 0.05.
* Neutrinos (detected)/(emitted nuclei) is ~1/68t" .

e lIronratiois ~1/51% .
e Neutrinos is ~1/26™.

-
o
(=]

= |sotropic Set
Linear Fit
= FR-0 Data
Linear Fit

-
o
(X]

=
>
=
E
>
=
[
c
[
o
*
=
T8
N
I
o
it
-
w
(2]
>
=

Distance [M

Generalized Pareto
——FR-0 z
[ Generalized Pareto

Il isotropy

L

)
o

2
s
[ =
-]
o
23
=
(1]
o
e
o

ey
(=]

0.03 0.035 0.04
FR-0 z (Redshift

Local source evolution modeled by preserving
correlation between radio output and redshift distance
(Kendall’s correlation coeff.: -0.28, p-Value: 4.6e-5)[1].

Simulated FR-0 redshift distribution from
Pareto fit to catalog data[1].
Isotropy probability of ~16%.
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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

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
logio(E/eV) logio(E/eV) logo(E/eV)

Up to z=0.05 ntoz=0.2

* Iron propagation does not change
significantly past z=0.1

e Uptoz=0.5hastoo high
computation cost.

Uptoz=0.5
(smaller stats)

|+ T %
18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0 37
logio(E/eV)
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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)

—— Thrown y=-1.0
¥ Propagated

19.5 20.0 20.5 21.0 19.0

logio(E/eV)

Up toz=0.05

* Iron propagation does not change
significantly past z=0.1

e Up toz=0.5hastoo high
computation cost.

—— Thrown y=-1.0 —— Thrown y=-1.0
T Propagated :

¥ Propagated

1075 ; : : : !
18.5 19.0 19.5 20.0 20.5 21.0
logio(E/eV)

—— Thrown y=-1.0
¥ Propagated

Uptoz=0.5
(smaller stats)

I

19.5 20.0 20.5 21.0 38
logig(E/eV)



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.
Propagated "\ ¥ Propagated . Propagated

.

5
-
-
-
-
=

16 17 18
logio(E/eV) logio(E/eV)

Up toz=0.05 = 0. ntoz=0.2

4+ Propagated

* Iron propagation does not change
significantly past z=0.1
e Uptoz=0.5hastoo high Uptoz=0.5
computation cost. 3 jﬁ (smaller stats)
Jha
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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.
¥ Propagated "h-

~ ™~

J410-17.
gl0

-
-
-
=
&

Up to z=0.05 Uptoz=0.2

* More neutrinos.
* Seems to affect lower energy more.
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EVOLVING FRACTION ADDITIONAL



VARIANCE RESULTS

EPOS-LHC QGS)ETI D4 SIBYLL 2.3c

No field-Sibyll: 2.31 + 0.07
No field-EPOS: 1.97 +0.10

\*|i{|+++++*++|

Dolag-Sibyll: ~ 1.3210.04 —-ure compostion A JHp P .. Jovee L

Dolag-EPOS: 1.64 + 0.04

CLUES-SibyII: 1'441- 0'06 . 17.0 17.5 18.0 185 19.0 195 20.0 17.0 175 180 185 190 195 20.0 17.0 175 18.0 185 19.0 195 20.0
CLUES-EPOS: 1.49 + 0.05 Ig(E/eV)

1nglmpc-Sibyll: 1.44 = 0.04
1nglmpc-EPOS: 1.25 + 0.07

1ng3mpc-Sibyll: 1.11 + 0.02 . .
v 1O () LG Does not include muon uncertainty
ng>mpc- - 9.69= 0. Yushkov, A. 2020, PoS, ICRC2019, 482
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EVOLVING NUCLEI FRACTIONS (OBSERVED)

Proton
No Field (EPOS) # CLUES [SIBYLL)
No Field (SIBYLL) Rand. A (EPOS)
Dolag (EPOS) [ Rand. A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL)

o e =
o -] °

Proton Fraction Observed
o
B

18.8 19.0 19.2 19.4
logio(E/eV)

Silicon
Mo Field (EPOS) 4 CLUES [SIBYLL}
No Field (SIBYLL) Rand. A (EPOS)
Dolag (EPOS) #  Rand. A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL) T

o e =
o ] °

Silicon Fraction Observed
o

18.8 19.0 19.2 19.4
logio(E/eV)

Nitrogen
No Field (EPOS) CLUES (EPOS) # Rand. A (SIBYLL]
Ne Field (SIBYLL) # CLUES (SIBYLL) Rand. B (EPOS)
Dolag (EPOS) Rand. A (EPOS) Rand. B (SIBYLL]
Dolag (SIBYLL)
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o
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o
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°
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]
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o
£
2
L
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o
1
5
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0
o
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b
=

18.8 19.0 19.2 194 19.6 19.8 20
logio(E/eV)

19.6 19.8 20.0

Helium
Mo Field (EPDS) ¥ CLUES (SIBYLL)
Mo Field (SIBYLL) Rand. A (EPOS)
Dolag (EPOS) #  Rand. A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL)

o e =
-] =)

Helium Fraction Observed
o

0. :
?8.6 18.8 19.0 19.2 194 19.6 19.8 20.0
logio(E/eV)

Ly
(-]

Iron
No Field (EPOS) # CLUES (SIBYLL)
No Field (SIBYLL) Rand. A (EPOS)
Dolag (EPOS) L Rand. A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL)

o e
o -]

Iron Fraction Observed
[=]
B

o. { I 1 s "
?8.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0
logio(E/eV)

Nuclei Fraction Versus Magnetic Field
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SECONDARY RATIOS

Ratio: Secondaries/Emitted

1078

107°

18.6

18.8

No Field (EPOS) § CLUES (SIBYLL)
No Field (SIBYLL) & Rand. A (EPOS)
Dolag (EPOS) Rand. A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL)

19.0 19.2

©19.4 19.6 19.8 20.

Emitted Proton

® EPOS
SIBYLL
Model Range

1077

Emitted Helium

1078 Emitted Nitrogen
No Field (EPOS) & CLUES (SIBYLL) !

# No Field (EPOS) ¢ CLUES (SIBYLL)
No Field (SIBYLL) ¢ Rand. A (EPOS) SIBYLL No Field (SIBYLL) ¢ Rand. A (EPOS)
Dolag (EPOS) Rand. A (SIBYLL) Model Rang & 10-° ¢ Dolag (EPOS) Ran:. A §5IBYL]L',I
Dolag (SIBYLL) ¢ Rand. B (EPOS) i Dolag (SIBYLL) Rand. B (EPOS
CLUES (EPOS) Rand. B (SIBYLL) | # CLUES (EPOS) Rand. B (SIBYLL)

18.8 19.0 19.2 19.4 19.6 19.8 2 18.6 18.8 19.0 19.2 19.4 19.6

* EPOS .

Ratio: Secondaries/Emitted
atio: Secondaries/Emitted
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Emitted Iron
Mo Field (EPOS) ¢+ CLUES (SIBYLL)

Emitted Silicon
No Field (EPOS) § CLUES (SIBYLL)
No Field (SIBYLL) ¢ Rand. A (EPOS) SIBYLL No Field (SIBYLL) ¢ Rand. A (EPOS)
Dolag (EPOS) Rand. A (SIBYLL) Model Range Dolag (EPOS) Rand. A (SIBYLL)
Dolag (SIBYLL) * Rand. B (EPOS) Dolag (SIBYLL) * Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL) § CLUES (EPOS) Rand. B (SIBYLL)
18.8 19.0 19.2 194 19.6 19.8 20 18.8 19.0 19.2 194 19.6 19.8 20.0
logio(Eo/eV) (Emitted) logio(Eo/eV) (Emitted)

EPOS * EPOS
SIBYLL

Meodel Range

Ratio: Secondaries/Emitted

Used to convert observed fractions to emitted fractions

EPOS
SIBYLL
Model Range
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OBSERVED <InA>

Helium <InA> Observed
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Emitted Helium
¢ No Field (EPOS)
No Field (SIBYLL)
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Dolag (SIBYLL)
CLUES (EPOS)
CLUES (SIBYLL)
Rand. A (EPOS)
Rand. A (SIBYLL)
Rand. B (EPOS)
Rand. B (SIBYLL)
e EPOS
SIBYLL
Model Range

18.8 19.0 19.2 19.4 19.6
logio(E/eV) (Observed)

® EPOS
SIBYLL
Model Range
Emitted Silicon
No Field (EPOS) ¢ CLUES (SIBYLL)
No Field (SIBYLL) ¢ Rand. A (EPOS)
Dolag (EPOS) Rand. A (SIBYLL)
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CLUES (EPOS) Rand. B (SIBYLL)

18.8 19.0 19.2 194 19.6 19.8 20.0

logi0(E/eV) (Observed)
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Emitted Nitrogen
No Field (EPOS) § CLUES (SIBYLL)
No Field (SIBYLL) & Rand. A (EPOS)
Dolag (EPOS) Rand. A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL)

18.8 19.0 19.2 19.4 19.6 19.8
logio(E/eV) (Observed)
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Emitted Iron
No Field (EPOS) ¢ CLUES (SIBYLL)
No Field (SIBYLL) ¢ Rand. A (EPOS)
Dolag (EPOS) Rand. A (SIBYLL)
Dolag (SIBYLL) Rand. B (EPOS)
CLUES (EPOS) Rand. B (SIBYLL)
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FIT RESULT TABLES

Table 5. Evolving Fraction Encrgy Spectrum Parameters
Field Model E_x'ul.-"hiu ¥ logio{Rewe /V) Dowe /Mpe n
SIBYLL 0370 2.10 ':',: ', 19.14 'l:::; 844 ']' 344! IL:IL:H

EPOS 0326  194'0%0 19 9910Tn 84410 343 o0

Mo Field

SIBYLL 0469  228'h1 19.89 "5 an7 ' i gag oo
EPOS 0446 2311012 19,59 1 0-40 FR0 | L6 342 10006
SIBYLL 0307 265000 19,58 10-27 g41'L 34210-ma

J— ’ ry oy | LA 1 may 1051 . ¥ vy gy | 000G
ElMs 02995 2.02° 4 o 19.68 " 4 an ok 5 L o

Dol

CLUES

EPOS 0341 265100 19.89 1 0-94 3441 11 347 10-006

SIBYLL 0.236 2351030 19.40 " 357 B3l 1.346 V- oe

EI*OS : 2.21%05% 19.51 1 538 B30T Laqzipoed

Hand. 3

MNotes. The FRO evolving [raction combined [t results total sum chi-square per bin, spectral index «, cxponential
rigidily cutoll (logyg(Rew/V)), trajectory culoll (D), and spectrum normalization for all 10 conligurations. The two EAS arc

EIMOS-LHC (EPPOS) and Sibyll2. 3¢ (SIBYLL).




FIT RESULT TABLES

Table 6. Evolving Fraction Boolstrap Energy Specltrum Paramelers
Field Model E-_x"‘il.-"hiu ¥ logo(Rewe /V) Doy /Mpe n

Mo Field w

EPOS 0.326 2471012 : 84310 1340 ' 0004

SIBYLL 0460  2.26'0% 19.241! RET!IOL ] g5 10-004

EI'0S 0446 2.26'500 19.74' 1% 12| R = ¥ § Rl

SIBYLL  0.307 ' 19.7110-12 R4zl 1.347 10013

Dyolag

CLUES 012 WK
EPOS__ 020 aadism  esisl sy Laaligan

SIBYLL  0.344 3o 198351 1% R 1.342 "' -0

= AN

EPOS 0.1 33100 1968 1 008 851120 34210003
T a%F P T . ~ 4 | 1041 re i | et ap gy | UL
Rand B —DorLL 0336 241 ,,, 1974 ,, &0, 1ME .

EPOS 0.237 EIRS 19.50 1! ghg ! 34510004

Rand. A

MNotes. The FRO evolving [raction combined 0L boolstrap distribution most probable speciral index v, exponential

1

rigidity cutoll (logio{Beow /V)), trajectory culoll (Dew ), and spectrum normalization for all 10 conligurations.
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