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D = D(J ) + D(Xmax) = − 2 ln
ℒJ

ℒsat
J

− 2 ln
ℒXmax

ℒsat
Xmax

ℒXmax
= ∏

i

ni!∏
j

1
kij!

(Gmodel
ij )kij

dN
dE

∝ E−α

1 E < ZRmax

exp (−
E

ZRmax ) E ≥ ZRmax

astrophysical inputs

‣ five compositions: p, He, N, Si, Fe

‣ α=[-1.6, 3.1] in steps of 0.1

‣ log(Rmax/V)=[17.5, 20.5] in steps of 0.1

‣ source evolution: (1+z)m

‣ m=[-6,6] in steps of 0.1

‣ one-dimensional model

‣ sources uniformly distributed (0<z<1)

‣ injected spectrum:

fitting procedure

D = − 2∑
i

μi − ni + ni ln
ni

μi

saturated model 
(matches data)

model likelihood

spectrum: vertical 
+ inclined events

composition: Xmax 
distributions
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uncertainties: EBL models
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uncertainties: photodisintegration
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uncertainties: propagation codes
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proton iron
Alves Batista,  Boncioli, di Matteo, van Vliet.  JCAP 05 (2019) 006. arXiv:1901.01244
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combined fit of the Auger data
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Pierre Auger Collaboration. . JCAP 04 (2017) 038. arXiv:1612.07155

C: CRPropa
S: SimProp

G: EBL Gilmore et al. 2012
D: EBL Domínguez et al. 2011

P: PSB photodisintegration 
T: TALYS 1.6 photodisintegration
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including more uncertainties...
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photodisintegration models hadronic interaction models

Heinze, Fedynitch, Boncioli, Winter. ApJ 873 (2019) 88. arXiv:1901.03338
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cosmogenic neutrinos & proton fraction

�17

energy [eV]
1710 1810 1910 2010 2110 2210

en
er

gy
 lo

ss
 le

ng
th

 [M
pc

]

1

10

210

310

410

510
outside
Hubble
horizon

energy loss processes
photopion production
electron pair production
photodisintegration
expansion of the universe
all processes

mass composition
proton
iron

‣ protons tend to produce more neutrinos 
than heavier nuclei

interaction rates



Rafael Alves Batista  |  PAHEN  |  Berlin,  September 26th, 2019  |  Cosmogenic neutrinos

cosmogenic neutrinos & proton fraction

�17

energy [eV]
1710 1810 1910 2010 2110 2210

en
er

gy
 lo

ss
 le

ng
th

 [M
pc

]

1

10

210

310

410

510
outside
Hubble
horizon

energy loss processes
photopion production
electron pair production
photodisintegration
expansion of the universe
all processes

mass composition
proton
iron

‣ protons tend to produce more neutrinos 
than heavier nuclei

interaction rates

‣ we can use cosmogenic neutrinos to 
constrain the proton fraction at ultra-high 
energies!

proton fraction
van Vliet, Alves Batista, Hörandel. Physical Review D 100 (2019) 

02312. arXiv:1901.01899
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Wittkowski & Kampert. MNRAS 489 (2019) 

L118. arXiv:1810.03769
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Alves Batista et al. Front. Astron. Space. Sci. 6 

(2019) 23. arXiv:1903.06714
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‣ combined spectrum-composition fits suggest UHECR sources with hard spectra 
with intermediate composition

‣ EBL spectrum, photonuclear cross sections, magnetic fields →  sources of 
uncertainty in the modelling of UHECR propagation

‣ cosmogenic fluxes computed are pessimistic

‣ the flux of cosmogenic neutrinos strongly depends on UHECR-related parameters 
→ many uncertaintie

‣ the (non-)observation  of cosmogenic neutrinos may tell us something about the 
UHECR composition

‣ the picture may change if improved models with more realistic source distributions 
and magnetic fields are considered

where do we stand?

�19
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modelling the propagation of UHECRs: CRPropa

�21
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‣ publicly available Monte Carlo code 
for propagating UHECRs and their 
secondaries in the intergalactic space

‣ modular structure

‣ parallelisation with OpenMP

‣ 1D, 3D and "4D" simulations

‣ relevant energy losses implemented

‣ variety of tools to handle custom 
magnetic field models

‣ predict spectrum, composition, and 
anisotropies simultaneously

‣ several models of EBL available

‣ possible to compute secondary 
gamma and neutrino fluxes

https://github.com/CRPropa/CRPropa3

Alves Batista et al.  JCAP 05 (2016) 038.  arXiv:1603.07142
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UHECR constraints with cosmogenics

�23

van Vliet, Hörandel, Alves Batista.  Proc. of Science (ICRC2017) 562. arXiv: 17017.04511

UHECRs gamma rays neutrinos

first row:  pure proton, spectral index = 2.5, source evolutions indicated, maximal rigidity = 200 EV
second row:  pure proton/iron, spectral index = 2.5, no source evolution, maximal rigidity = 200 EV
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theoretical uncertainties in the modelling
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Alves Batista,  Boncioli, di Matteo, van Vliet, Walz.  JCAP 1510 (2015) 063. arXiv:1508.01824main sources of uncertainties

‣ photodisintegration cross sections

‣ EBL model

‣ propagation codes (e.g. CPropa, SimProp, ...)
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