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Cosmic Rays as Messengers of the High-Energy Universe

• Where do the cosmic rays originate?
• What are their sources?
• How do these cosmic particle accelerators work? 

(Mechanisms, environments, ...)

[adapted from: 
Blasi 2013]

[from: Auger & TA Collab. 2014]

>10 EeV
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Outline

 Introduction

 Jet core of low-luminosity AGN:   Site of UHECRs?

 Extended jets of AGN:   UHECR signatures? 

 Conclusions
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Requirements on UHECR candidate source populations

 “Hillas”-Criterium: Emax ~ 1018 Z  (B/G)  (L/pc) eV

[adapted from: Hillas 1984]

Size L [cm]

 Source power criterium: Psource > 1043 Z-2 (Emax/1019eV)2 erg/s

 Population power density criterium: Upopulation~ 1044....45 erg Mpc-3yr-1 for ECR~1018....21 eV
(within UHECR horizon)

Required population density: npopulation ~ 10-8 ... -4 Mpc-3
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[Mücke etal 1999]



CR



[Mücke etal 2000]

Linking cosmic rays - gamma rays - neutrinos
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Right Ascention [IceCube-collab., 2022, Science]

The PeV-neutrino sky
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normal galaxy

AGN

Active Galactic Nuclei (AGN)

NGC 4261



Radiative properties of the non-thermal AGN 

• Broad-band emission 
(radio …. )

• Highly variable at all 
energies (min – months)

[from: Abdo et al 2011]

3C 454.3

[from: Wehrle et al 
2012]

[from: ASCIC SED builder]
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The Zoo of AGN

FR I

FR II
LINER, 

LINER, 

Particle Physics Seminar, Uni Vienna

Jet
Composition?



Most numerous jet population in the local Universe

- Fanaroff-Riley 0 (FR0) Radio galaxies -

[Cheng etal 2018]

• Core-dominated, pc ... kpc jets

• Ljet ≈ 1042.5…43.5 erg/s

• nFR0 ~ a few 10-4 Mpc-3

• Host galaxy: ~108...9M☼ Ellipticals

[Boughelilba 2023]
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[from: Merten, Boughelilba, AR, etal 2021]
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FR0 as UHECR candidate sources

[Merten, Boughelilba, AR, et al 2021]

RFermiI
Bohm ~ ௨௦

 
௤஻

ா

• Particle acceleration:

[Rieger 2019]

Rshear
Bohm ~ Γ4 డ௨

డ௥
2  ா

஻௤
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[VLBA+GBT 86 GHz image; from: Hada et al 2016]

M87
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FR0 as UHECR candidate sources

• Particle energy losses:

Sychrotron radiation; Photo-disintegration, photomeson production, 
Bethe-Heitler pair production on jet (synchrotron) radiation field

[Merten, Boughelilba, AR, et al 2021]
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Broadband SED of low-power radio galaxies

Striking similarity of broadband photon emission between

quiet core M87 (FR1) & typical FR0 core!

[Boughelilba & 
AR, 2023]
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Low-luminosity AGN as UHECR-sources: FR1 core

Messier 87

Credit: NASA & the Hubble Heritage Team (STScI/AURA)

[Credit: EHT-collab.]
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The quiescent multiwavelength view of M87

Estimate of magnetic
field strength from 

SSA-turnover: 
B ~ 5 ... 60 G

[EHT-collab. ‘21]

[EHT-, HESS-, LAT-, MAGIC-, 
VERITAS-, ...collab, 2021]

.... & polarimetric measurements: 
B ~ 7 ... 30 G

[EHT-collab. ‘23][Credit: EHT-collab.]
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

The quiescent core of M87

e

-ray emission not
from core!

[EHT-collab., etal 2021]

[EHT-, HESS-, LAT-, MAGIC-, 
VERITAS-, ...collab, 2021]

B
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The flaring core of M87

[EHT-, HESS-, LAT-, 
MAGIC-, VERITAS-, 
...collab, 2024]
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The flaring core of M87 in 2018

[EHT-, HESS-, LAT-, 
MAGIC-, VERITAS-, 
...collab, 2024]
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Similar radio-to-optical SED, increased X-ray fluxes, 

harder & increased GeV-VHE-emission



19

The flaring core of M87

[EHT-, HESS-, LAT-, MAGIC-, VERITAS-, ...collab, 2024]

Emission from 2-to-3-zones required to depict broadband 

SED within a purely leptonic emission model
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CR-ENTREES – Cosmic-Ray ENergy TRansport in timE-Evolving 
astrophysical Settings

e-/e+

e, e,min, e,max

p
p, p,min, p,max, e/p 



B(t)

• Geometry: - Straight jet:   fixed size R of emission region
- Conical jet:   t-evolving size R(t) of emission region, jet speed vJ

 Evolution of environment fully treated:    R(t), B(t), urad(t), ....20



Pair cascade



CR-ENTREES – Cosmic-Ray ENergy TRansport in timE-Evolving 
astrophysical Settings
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• Primary particle injection & tracking:   , p, n, e, , , K, , e

• Secondary particles:
- Yields pre-calculated by corresponding event generators

- Impulsive or continuous; normalized via UB/Uparticles
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CR-ENTREES – Cosmic-Ray ENergy TRansport in timE-Evolving 
astrophysical Settings
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• Target photon field:

• Particle interactions & losses:
Photomeson production, Bethe-Heitler pair production, decay of unstable 
particles, -pair production, inverse Compton scattering, synchrotron radiation, 
particle/photon escape, adiabatic losses.

- Pre-defined or custom-filled radiation field for each energy bin (-> EBL, etc)
- Determination of internal radiation field after each time step    -> non-linearities

• Particle propagation:
- fixed energy grid
- Matrix multiplication/doubling method [Protheroe ‘86; Protheroe & Stanev ’93, 

Protheroe & Johnson ‘96]                        -> calculates transfer matrices
- Energy conservation checked in each time step

 fast, modular propagation code for radiation-dominated CR-sources
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Hadronic Jet-Disc Model for M87

ADAF/
MAD

ADAF/
MAD

SSDSSD

Je
t

Je
t

ADAF parameters (beyond sonic 
point):

viscosity ~ 0.1

gas ~ 0.9

Mout ~ 10-3 Medd (r/rout)0.4
. .

[Boughelilba, AR, Merten, 2022]

B

B

Particle Physics Seminar, Uni Vienna



Hadronic Jet-Disc Model for M87

Jet parameters:

ADAF/
MAD

ADAF/
MAD

SSDSSD

Je
t

Rem ~ 5rg,   j~ 2.3

B ~ 10 (...50) G

Epmax ~ 1010 GeV, pp~1.7...1.9

Eemax ~ 3 GeV, pe~1.8...1.9

Upart/UB ~ 0.6 ... 1.3

Pjet ~ 2...4 1043 erg/s

p syne syn

• M87 as relativistic proton+electron jet – disc system

• Close-to-equipartition parameters model core SED of M87

• Weak neutrino emitter in IceCube energy range

[Boughelilba, AR, Merten, 2022]

B

IceCube
Auger

Neutrino SED
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ADAF parameters:

viscosity ~ 0.1

gas ~ 0.99

Mout ~ 10-3...-4 Medd (r/rout)0.1
. .

Hadronic Jet-Disc model for FR0s

LEDA 55267 LEDA 58287

Jet parameters:
Rem ~ a few 1015cm,    j~ 1.2

B ~ 25 - 50 G

Ep,max ~ a few 1018 eV,   pp~1.7~pe

Upart/UB ~ 0.04 ... 0.5,      Pjet < 2 1043 erg/s

-> Slow, strongly magnetized jet containing CR-p reaching a few EeV
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[Boughelilba & AR, 2023]

Hadronic Jet-Disc model for FR0 population
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• FR0s as relativistic proton+electron jet – ADAF system

• Close-to-equipartition parameters model core SED of FR0s

• Can potentially contribute significantly to UHECR-flux up to a few 1018eV

• Weak neutrino emitter ≤ 10-13 GeV cm-2 s-1 (E,peak ~ 0.1...1 EeV)

• Distinct signature of ADAF emission predicted in MeV-band

Particle Physics Seminar, Uni Vienna



Case study:  FRI M87 @ high energiesOn the SED of mis-aligned blazars

kpc-jet of Centaurus A

Gamma rays up to TeVs from extended jets!
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Cosmic rays in extended jets of AGN

[HESS-collab., 2020, Science]
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b(z)

z0~6Rg
Z

[Zacharias, AR, Boisson, Zech, 2022]

b(z)

Poynting flux 
dominated parabolic 
bulk acceleration 
zone: b(z)~ √z

Conical coasting 
zone: b ~ const

zacc
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Extended hadronic jet emission model

Jet radius 
R(z)  z tan (0.26/b (z))       

[Pushkarev et al 2009, 2017]
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• Photon spectra dominated by radiation from pairs   (synchr., SSC)

• -ray emission drops faster than radio-to-X-ray emission along the jet

• Initial proton-to-electron 

(p/e) ratio = 10-10

no external targets

[Zacharias, AR, Boisson, Zech ‘22]

29

Extended hadronic jet emission model
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• Notable -ray production (dominated by radiation from pairs)  all along the jet

• Relativistic protons responsible for appreciable pair injection along the jet

[Zacharias, AR, Boisson, Zech ‘22]

strong external targetsweak external targets

• Initial p/e = 1

30

Extended hadronic jet emission model
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Concluding Remarks

 Sources of the hadronic UHECRs likely require different environment as 

compared to bright -/-source

-> Low-luminosity jetted AGN (FR0, FR1)  suitable UHECR sources 

 AGN jets as particle multi-messenger (, , CR) sources

 Hadronic UHECRs excellent energy carrier along extended jets

-> HE-brightness distribution of extended jets may hold 

signatures of protonic UHECRs in jets

(prediction of close-to-equipartition conditions in core region & 

MeV-feature in SED of FR0s)


