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What do we know?
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The Basic Simulation Setup

* SOURCES:

* Radio-loud AGNs/ Radio

Galaxies (RGs)*

* ENVIRONMENT:

* Local extragalactic magnetic
field (EGMF) up to 120Mpc

distance**

* Photon fields by CMB & IRB

* PROPAGATION of UHECRs:

* Performed with
CRPropa3***
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*van Velzen et al. (2012) ; **Dolag et al. (2005); ***Batista et al., 2016
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The Sources

e Local RGs
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*van Velzen et al. (2012);
**derived from Radio Luminosity Function by Mauch & Sadler (2007)
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The Sources
* Local RGs
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*van Velzen et al. (2012);
**derived from Radio Luminosity Function by Mauch & Sadler (2007)
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The Sources

e Local RGs 2 X L0
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*van Velzen et al. (2012);
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The Sources & their Characteristics

* CR power is related to the radio luminosity (willott et al., 1999):

Qcr = Qo Ger Li./17GHz with 1< g¢ <50

> Absolute normalization of the CR flux

* Maximal rigidity is related to CR power (using ‘Hillas criterion"):
R = Yacc Qcr/c with 0.01 < ggec =1

* Acceleration is constrained by CR escape.
* Spectral index at the sources from shock acceleration theory:
dN/dE < E™% with 1.7<a < 2.2
* Abundances at the sources mostly solar f ), but enable exceptions:
f=foZ1 with 0<q<2

* Source evolution parameter fixed to m = 3 (minor influence!)
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Best-Fit Results (individual values for Cyg A & Cen A needed)
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o [eVr2/(km”2 yr sr)]

Best-Fit Results (energy spectrum & composition)

1. CSFis subdominantat E > 5EeV
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o [eVr2/(km”2 yr sr)]

Best-Fit Results (energy spectrum & composition)

1. CSFis subdominant at E > 5EeV
2. Cen A dominates local contribution and provides heavy
initial abundances (f; ~ 0.7, fy. ~ 0.24, feno ~ 0.04, fz, ~ 0.02)
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o [eVr2/(km”2 yr sr)]

Best-Fit Results (energy spectrum & composition)

1. CSFis subdominant at E >> 5EeV

2. Cen A dominates local contribution and provides heavy
initial abundances (f; ~ 0.7, fy. ~ 0.24, feno ~ 0.04, fz, ~ 0.02)

3. Cygnus A dominates non-local contribution and provides
solar init. abund. (f; ~ 0.92, fy, ~ 0.08, feyo ~ 0.001, fr, ~ 0.00003)
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Best-Fit Results (arrival directions)

* Estimate rms deflection of Cygnus A events using

. Ve 7 P -1 d 1/2 A 1/2 (Brms)
rms 100 EeV 10 Mpc 1 Mpc 1 nG

* Compare multipole moments with observations (without fitting):

4 EeV < E <8EeV: E > 8EeV:
101 10-1
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Conclusions

» Thus: Radio Galaxies are able to explain the UHECR data
by using 7 physics based parameters:

» Dominant contribution of Cen A (heavy comp.) and Cyg A (solar comp.).
» Dipol at E > 8 EeV requires significant deflection of Cyg A events at E ~ 8 EeV.
» Average non-local contribution needs to be subdominant at UHE.

> But: Contribution of M87 and Fornax A hard to constrain within
this scenario!
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Conclusions & Outlook

» Thus: Radio Galaxies are able to explain the UHECR data
by using 7 physics balmg barameters:

» Dominant contribu gavy comp.) and Cyg A (solar comp.).

this scenario!

> And what about:

» EGMF effects for CRs from ultra-luminous RGs beyond 120Mpc?
» CSF contribution below the ankle?
» Physics based difference between northern & southern UHECRs?
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Outlook

TA field of view

NGC1275
PicA
ForA

ESO075 - G041

Auger field of view

> And-what-ahaut Include:
» EGMF effects for CRs from ultra-luminous RGs beyond 120Mpc
» CSF contribution below the ankle

» Physics based difference between northern & southern UHECRs
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Outlook

Flux at Auger A GETA
4 Auger data -¥- Cen A . UAdam TacaA
-¢ - total -k Cygnus_A
-¢ - total -k Cygnus_A
-4 non-localRGs -#  others ~n
-4 non-local RGs - #- others = _+_
1038 10%8 Sl a+n+ I
5 Trsassag et
% 820089 %,0 A-A-A-A
< g = peElay s il
& P hepppe® SRl
< . A Y
iE‘/ ®:-e A A A-‘t-"’ 2 ;‘o
S :
3, 10
!
1036 20.5
175
25
<4 Auger (with Sibyll2.1)
-¢ - total -
2.0 _+_
15 i 2
A ~
¥ = = ”** + '
10 Crtas -~ H _+_
+ ST e
++ ; o °
0.5 — ; =
.3!*;; il S
00 S 19.0 195 20.0
17.5 18.0 185 19.0 19.5 20.0 20.5 21.0 log(E [eV])
log(E [eV])
Bjorn Eichmann Ultra-High-Energy Cosmic Rays from Radio Galaxies . -
Center]|



Take-home message

Radio Galaxies (with a dominant contribution by Cen A & Cyg A)
are able to explain the UHECR data using reasonable
phySicaI ConStraintS (‘Fermi’ spectrum, pred. solar abundances, normalized flux, etc.)
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Backup



Local EGMF by Dolag et al. (2005)

* Seed field assumptions:
* Uniform magnetic seed field B, = 2 X 10712G 10 ,

T T
halo cores ]

¢ Up to a distance of ~120Mpc 1o-BL 2

| |
=1 10° 10

Il
102 109 1
p/<p>

* Arbitrary initial orientation 2' ?:‘eemfﬂ :
) ) ) —_ 10— naments | _

e Cosmological MHD simulations fs _ f
determine the EGMF structure £ o4l L L

1 |

¢ BT'TTLS = 1 nG | |

| |

| |

1

0

1

* Sampled with a
resolution of 14.6 kpc
& stored in a multi-
resolution grid using
‘Quimby’ (Muller, 2016)

https://forge.physik.rwth-aachen.de/public/quimby/mhd/
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The Sources & Their Characteristics

* CR power from the jet power: ch o Q]et' using minimum jet
energy condition (Pacholczyk, 1970) Qg =~ - (Qe + Q) &QqH > 0,

* Jet power from extended radio emission (Willott et al., 1999):

6/7

4
Qcr = ; Qjet = Yer Qjet,O
with 1 < g, <50

; P
Qjet,0 — 3% 1045( 151 )
erg/s 1028 WHz1sr—1

MaX|maI ngldlty using min. jet energy cond. Q. = QB =

E
C,B’ ]etm‘ — and Hillas criterion R = ’;:x —

R~ gacc\/gchjet,O/C» with ggce =
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Average non-local source contribution

* EGMF structure limits the (3D) simulation volume
» Analytic construction of the Continuous Source Function (CSF):

dNcr 1 0 5
Yo (R) = dR dt dv— ez fQ‘ dqQ SCT(R'R) Dr1L(Q),
with R = g4¢c ;% and radio lum. func. ®g;. (Mauch & Sadler, 2007)

* Uniform 1D-distribution of sources with an individual spectrum

A A\ —a A~
Ser(RR) =vo(a) Q. (R/R) "©(R—R)
with a spectral normalization correction vy (a).

» Continuation of the local source sample (and its features!)
» 1D-Simulation to account for propagation effects (energy losses)
» Including source evolution effects: W(R,z) = ¥,(R) (1 +2)™ 1, z< 2
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Average non-local source contribution

* EGMF structure limits the (3D) simulation volume
» Analytic construction of the Continuous Source Function (CSF):

dN¢y 1 0 b
Po(R) = AR dtdV _ ez f@ dqQ SCT(RIR) PrL(Q),
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Comparison of CSF in local regime
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First-Fit Approach (all the same, except Cygnus A)
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® [eVA2/(km”2 yr sr)]

First-Fit Approach (all the same, except Cygnus A)
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Best-Fit Results (arrival directions)

* Estimate rms deflection of Cygnus A events using

= -1 1/2 1/2
([ E d \"?*( 12, \"? /B
Hrms = 0-8OZ - _— — ( )
100 EeV 10 Mpc 1 Mpc 1 nG
E = 8EeV: E > 40 EeV:

-3.0 -28 -26 -24 -22 -2.0 -1.8 -16 -1.4 -12 -1.0

log(N /%)

using A2/?B,.s = 6 Mpc/2 nG
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Advanced methods

» Include EGMF effects for CRs from ultra-luminous RGs beyond
120Mpc by using an extended EGMF in an inverted simulation setup

» Check mean deflection dependence
on distance and spatial position for
E~2%-spectrum above 1EeV
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