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ultra-high energy cosmic rays

» where do they come from?
fundamental

. » what are they made of?
questions

» how are they accelerated?

» what is the maximum energy they can reach!?

SOME ) do we see a GZK cutoff

problems » where does the transition between galactic and

extragalactic cosmic rays take place?

» observables from CR experiments: spectrum, composition, anisotropy
» cosmic magnetic fields (galactic and extragalactic) are important

» test new physics scenarios using UHECRs (?)
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the cosmic ray spectrum
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» UHECR acceleration models: bottom-up and top-down

» the vast majority of top-down models were excluded by Auger measurements of the

photon fraction

» bottom-=-up: educated guess for accelerator sites: Hillas condition

» Hillas criterion:

radius should be smaller

than accelerator size

Eor = 28cZeBRy,

» acceleration mechanism

affects energy spectrum

» "popular” candidates: AGN:s,
young pulsars, magnetars,

TDEs
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modelling the propagation of UHECRSs: photon backgrounds
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modelling the propagation of UHECRS: energy losses

T %I iIlaS'S c'()lllllr;:)lsli'tion' I T T I8N | I T T 1% !l! I T T 11 III OujtSildel | E
=y ~ |- - - proton Hubble .
E 104 | — iron hOriZOI’l _-" ’_:
: : ~~~\\\ \\ :
B0 0P IREYS T,

: 10 E Sy E
5 = -
p— B B
4 102 | energy loss processes /—:
= = photopion production =
> — | —— electron pair production -
gn 10 | —— photodisintegration =
g = | e expansion of the universe =
L B all processes * —

III| ] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] IIIIII|
1 10" 10" 10" 107 107! 10%

energy [eV]

9 Rafael Alves Batista | Daejeon, July 11th,2017 | Searching for the sources of ultra-high-energy cosmic rays



modelling the propagation of UHECRSs: magnetic fields
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state of the art: Pierre Auger Observatory
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are UHECRs made of?

Pierre Auger Collaboration. PRD 90 (2014) 122005.
arXiv:1409.4809
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» UHECRs are very likely atomic nuclei

» showers are reconstructed assuming hadronic interaction models, which are based
on extrapolation of accelerator data

» New Physics in air showers?
» direct implication: high-energy cutoff implies probably no or small GZK effect

Rafael Alves Batista | Daejeon, July | 1th,2017
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what are the sources of UHECRS?

Pierre Auger Collaboration.Ap| 804 (2015) 15.
arXiv:1411.6111
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what are the sources of UHECRS?

Pierre Auger Collaboration.Apf 802 (2015) 111.
arXiv:1411.6953
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what are the sources of UHECRS?

(a) (b) Telescope Array Collaboration.ApJL 790 (2014) L21.
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» hotspot detected with significance 3.40
» no sources nearby
» excess near supergalactic plane, which contains e.g. Ursa Major, Virgo and Coma cluster

» distance to Ursa Major cluster ~ 19 degrees
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modelling the propagation of UHECRS
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» explain these three observables
» explain also gamma ray and neutrino counterparts

» magnetic fields and source distribution may affect
spectrum and composition, and certainly affect
anisotropy

» 3D simulations are needed

"8€6 (£00T) 81€ 22UdI2G "UoNLIOqE||0D) J38NY d.Udld

» large parameter space — fast simulations
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modelling the propagation of UHECRs: CRPropa

» 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 neutrinos fluxes

RAB et al. JCAP 05 (2016) 038. arXiv:1603.07142
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https://github.com/CRPropa/CRPropa3 W (i
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theoretical uncertainties in the modelling

RAB, Boncioli, di Matteo, van Vliet, Walz. JCAP 1510 (2015) 063. arXiv:1508.01824
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combined spectrum-composition fits

AEJE=14% [

¢ data +og.

—— EPOS-LHC |

) [8/

proton |

iron

CRPropa 18.0

Kneiske '04 EBL model
TALYS cross sections for PD

22

18.5

19.0
log1o(E/eV)

Rafael Alves Batista | Daejeon, July |1th,2017 |

19.5

20.0

20.5

A. di Matteo+ (Pierre Auger Collaboration). ICRC 2015 Proceedings.

arXiv:1509.03732
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» log(Rewe /V) = 18.48

» Y =0.29 (+0.08 | -0.07)

» fraction of H: 14.3% (+4.2 | -14.2)
» fraction of He: 10.0% (+2.2 | -10.0)
» fraction of N:75.3% (+15.5 | -9.4)
» fraction of Fe: 0.5% (+0.1 | -0.1)
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combined spectrum-composition fits

Pierre Auger Collaboration.. JCAP 04 (2017) 038. arXiv:1612.07155

the hard spectra "problem"” » magnetic horizon effects might soften the hard

5 2057 spectra, making it again compatible with Fermi
~ [ —spgo shock acceleration [Mollerach & Roulet "] 3]
@ 20 ----STG ©
- SPD » magnetic horizon effects do not play a role at EeV
Y CTG © energies in realistic extragalactic magnetic field
- oo cmbe models [RAB & Sigl "1 4]
L aaa. CGD* /
19 . : .
- » caveat |: hadronic interaction models can fail to
185:_ describe interactions at the highest energies (e.g.
- 4_ muon problem [Auger ’| 4])
+
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multi-messenger constraints on sources

some typical processes
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UHECR constraints with neutrinos and photons

A. vanViiet, |. Horandel, RAB. Proceedings ICRC2017

preliminary
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UHECR constraints with neutrinos and photons

A. vanVliet, |. Horandel, RAB. Proceedings ICRC2017
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UHECRS and the galactic magnetic field

M. Zimbres, RAB, E. Kemp. Astropart. Phys. 54 (2014) 54. arXiv:1305.0523
RAB, M. Zimbres, E. Kemp. Physicae Proc. | (2012) 23. arXiv:1201.2183

» if galactic deflection dominate over extragalactic, can we reconstruct source position?

— HMR ASS-S
— HMR ASS-A
b=+90°
T e HMR BSS-S
. —— HMR BSS-A
% source

» no multiplets detected in Auger data [Auger " 2]

» constrain models of GMF with multiplets?

» probably unlikely to be detected, unless source is really close and magnetic fields are
"well-behaved"
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UHECRS and the galactic magnetic field

» state of the art GMF model: Jansson & Farrar '12 (JF12)

» this model is based on fits of synchrotron emission + Faraday rotation + polarisation
measurements 17.00

0 Mcah Deflection [ceg] 90

obtained with the PARSEC code:
http://web.physik.rwth-aachen.de/Auger MagneticFields/PARSEC
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http://web.physik.rwth-aachen.de/Auger_MagneticFields/PARSEC

the case of Centaurus A, assuming only galactic deflections and the complete JF12 field
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UHECR astronomy?
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deflections in extragalactic magnetic fields

RAB, M.-S. Shin, |. Devriendt, D. Semikoz, G. Sigl. PRD, 201 7. arXiv:1704.05869
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https://arxiv.org/abs/1704.05869

deflections in extragalactic magnetic fields

RAB, M.-S. Shin, |. Devriendt, D. Semikoz, G. Sigl. PRD, 201 7. arXiv:1704.05869

» we use Planck’s upper limit to normalise the magnetic field in voids

» upper limit on (extragalactic) UHECR deflection

» 5123 with size (200h-')3; RAMSES code; |18 levels of refinement
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deflections in extragalactic magnetic fields

proton, sources: uniform proton, sources: large-scale structure, distance: 0-10 Mpc
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deflections in extragalactic magnetic fields

run F - XY plane - observer 209
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prospects for UHECR astronomy

RAB, M.-S. Shin, |. Devriendt, D. Semikoz, G. Sigl. PRD, 201 7. arXiv:1704.05869

proton E > 50 EeV, sources: Iarge scale structure
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structure of this talk

introduction &
open questions

(UHECR acceleration by sources &
IMBHs + WDs) propagation

experiments &
UHECR astronomy &

cosmic magnetic fields

state of the art

source constraints with numerical
neutrinos and photons modelling
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possible sources: IMBH+WD

RAB, ). Silk arXiv:1702.06978
» goal: explain the intermediate composition for the UHECRs measured by Auger

» idea: white dwarfs can be ignited by BHs with mass 10?2 Msun<Mgn<10° MgH
» the supernova explosion accelerates CRs via Fermi mechanism
» a jet is launched due to the high accretion rate

» CRs crossing the jet receive an energy boost by a a few orders of magnitude

» model |: CO star; model |ll: He

Auger
proton

N | ® e Auger |
L 102H= = TA -
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structure of this talk

open questions

(UHECR agfeleration by

propagatid

experiments &
UHECR\astronomy &

penetic fields

state of tie art
cosmic

source consuR| ' >rtrical

neutrinos and photol modelling
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summary and outiook

» difficult to construct models to explain main observables (spectrum, composition and
anisotropies)

» understanding cosmic magnetic fields is crucial for particle astronomy
» status:
- UHECRSs can have mixed composition
- highest energy cutoff may be due to maximum source acceleration instead of GZK
- “local” sources may be needed to explain measurements
- after 10 years of operation, Auger has not yet found the sources of UHECRs
- surprisingly low spectral indices in combined fits
» magnetogenesis process related to UHECR deflections — source of uncertainties

» MHD simulations suggest that even voids are highly magnetised, UHECR astronomy may be
possible in a fraction of the sky for typical magnetic power spectra
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summary and outiook

» prospects for UHECR astronomy don't look so good; too many uncertainties: EBL, cross
sections, magnetic fields

» other messengers are also useful to constrain UHECR sources
» neutrinos allow us to probe the universe at UHE to high redshifts

» future: UHECR astronomy with neutrinos (and photons)?

Thank you!
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modelling the propagation of UHECRS: energy losses

photopion 4y s AT P+ 0 mean free path for nuclei written as a function
production P n-+nt of the mfp for protons and neutrons
expansion of dt I 1 1 i E,
I = ACDM I
the universe dz Hol+z\/Qp(1+2)3+Qa 142 oo
. . dEa,z _ —3 72 2
pair production — = 3aocrh™ > Z*mc kT f(T')
Emaa:
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deflections in extragalactic magnetic fields

RAB, M.-S. Shin, |. Devriendt, D. Semikoz, G. Sigl. PRD, 201 7. arXiv:1704.05869

» simulation volume: (200h-' Mpc)3
» AMR grid obtained using RAMSES, with |8 levels of refinement

» simulation:
part |:solve ideal MHD ensuring precise conservation of momentum, energy, and mass

guarantee that there are no magnetic monopoles in the simulation
part ll: physical parametrisation
cooling, heating, and other relevant energy terms
subgrid models including formation and death of objects, feedback, turbulence, ...
properly model source and sink terms
» feedback ignored, but could be very important
the simulations

» run F: fiducial run

» run L: less magnetic power over small scales
» run S: less magnetic power over large scales

» run O: power mostly on large scales
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prospects for UHECR astronomy
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the case of Centaurus A, assuming only galactic deflections and only the regular
component of the field
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