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Most numerous jet population in the local Universe

- Fanaroff-Riley 0 (FRO) Radio galaxies -
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« Core-dominated, pc ... kpc jets
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Requirements on UHECR source populations

1au 1pc 1kpe 1Mpc

IO — 4=10 > “Hillas” -Criterion: E,,, ~ 108 Z B (B/uG) (L/pc) eV
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» Source power criterion:
P > 108 Z2 (E,,,/10%eV)2 erg/s

ot
T

source

» Population power density criterion:

U

Magnetic Field Strength [G]
3

~ 1044....45 erg Mpc-3yr-l for ECR~1018....21 eV
(within UHECR horizon)

‘ Required population density: ~ 108--“4Mpc-3
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[adapted from: Hillas 1984]
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» Source environment suitable for particle acceleration to sufficient high energies?
mm) [Merten, Boughelilba, AR, et al 2021]

» Photon (& v) observations from population sources in agreement with hadronic
radiation models?

» Cosmic-ray (CR) observations (spectrum, composition) in agreement with CR

propagation from population sources to Earth?
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CR-ENTREES — Cosmic-Ray ENergy TRansport in timE-Evolving
astrophysical Settings
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e Geometry: - Straightjet: fixed size R of emission region
- Conical jet: t-evolving size R(t) of emission region, jet speed v,

- Evolution of environment fully treated: R(t), B(t), u,4(t), .... 4



CR-ENTREES — Cosmic-Ray ENergy TRansport in timE-Evolving
astrophysical Settings

inj,pr

OFn + FR + 0,0 (PosFN)] + FE° = Q
OFpr + F:E:E T Elfdp [D? (DrossFu.x)] + FﬁLE = Fﬁﬂwh

O F o + B2 + L0, [p? (DrsFe)] = QUIPT + Y7+ B2

Oy Fy + Foe + F)Y = Fom 4 Fpoih

with Fparice = Fpariee(D, 1), Qe = Qua (P, t), Dioss = Dioss(F4 (€. 1), B(t); p, 1)

FP7 = FR(F, (6, t);p, t), F1' = FD(F, (e,t);p, t)
F, =F,(et), FI“ = F'z::f}'{Fa}-{E,tJ;E,t,], FE"‘ = FE*’(_F,}_(_ETBJ; €, t)

Primary particle injection & tracking: v, p,n, e, m, u, K, v, v

- Impulsive or continuous; normalized via Ug/U,,icies

e Secondary particles:
- Yields pre-calculated by corresponding event generators
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CR-ENTREES — Cosmic-Ray ENergy TRansport in timE-Evolving
astrophysical Settings

e Particle interactions & losses:

Photomeson production, Bethe-Heitler pair production, decay of unstable
particles, yy-pair production, inverse Compton scattering, synchrotron radiation,
particle/photon escape, adiabatic losses.

 Target photon field:

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

e 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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vF, (erg/cm?/s)

Broadband SED of low-power radio galaxies

2017 Campaign
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Striking similarity of broadband photon emission between
quiet core M87 (FR1) & typical FRO core!
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Hadronic jet-disc model for M87
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« MS87 core as relativistic proton+electron jet - disc system
 Close-to-equipartition parameters model core SED of M87

 Weak v-emitter in IceCube energy range
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vF, (erg/fcm?/s)

Hadronic jet-disc model for FROs

[Boughelilba & AR, 2023, ApJL, accepted]

10-10 B=25.0G 10-10 : B=25.0G
Jet 3 Jet
Host galaxy ] Host galaxy
10-11 | ADAF LEDA 55267 10711 4 ADAF LEDA 58287
— Total * % ] = Total
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ADAF parameters: Jet parameters:
Rem~afew 10°cm 7~ 1.2
Qyiceosity ~ 0.1
viscosit
Y B~25-50G

Biyas ~ 0.99

y E ~ afew 1018 eV, ~1.7~
Mgyt ~ 1034 M yq (r/rg,0° 2 p.max Py Pe

Upar/Ug ~ 0.01 ... 0.5, Py, ~ (1-3)x10% erg/s

-> Slow, strongly magnetized jet containing CR-p reaching a few EeV
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Hadronic jet-disc model for FRO population

B=25.0G

107°
= gverage (total)
MAGIC (50h)

-10 |
10 === H.E.S.S. (50h)

[Boughelilba & AR,
2023, ApJL, accepted]
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 FROs as relativistic proton+electron jet — ADAF system

 Close-to-equipartition parameters model core SED of FROs
e Can potentially contribute significantly to UHECR-flux up to a few 10%8eV
* Weak neutrino emitter <103 GeV cm?s? (E, o~ 0.1...1 EeV)

* Distinct signature of ADAF emission predicted in MeV-band
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UHECR FRO combined fit
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Local source evolution modeled by .
. . . [1] Baldi, R. D. et al., A&A 609 (2018) Al.
correlation of radio output & redshift [1]. [2] Merten, L. et al., Astropart. Phys. 128 (2021) 102564.
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UHECR FRO combined fit

MODELS: 25—
Two EAS Models: EPOS-LHC & QGSJETII-04 20| — Dotag
Structured Fields: 2.
« Dolag et al. arXiv:0410419 F q
 Hackenstein et al. (Astro_1B): arXiv:1710.01353 %” 'a,
1 nG Random Fields, Kolmogorov power spec: 0 /\ ."l \
/
<lC01‘l‘) = 234 kpc & (lcorr) = 647 kpc 0'922 -20 -18 -16 -14 -12 -10 -8 -6
o 5 logio(|B|/G
No magnetic Field P
dos —_— Injection:
.go.a dN 4 . E - , :
%0,4 y dE - 9]4(E) - ./A'](J (W) X .[(711T(E: ZARc'u‘r)
A (B ZaRe) = { (B < ZaBew)
ool _6\-""‘:':‘:-.--- 1| | . Cut( s L AL cut ) — exp (1 . Z{,,‘%Cm) (E > Z;"l Rcut)
logio(|B|/HG)
Minimi « Constant nuclei fraction: f4
inimize . Rigidity dependent cutoff: ZR,,
2 — 2 2
z Xtot/dof = Z Xg/dofg + z xc/dofc Auger JCAP (2017) arXiv:1612.07155
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UHECR FRO combined fit —

Parameter results
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UHECR FRO combined fit — Fitting observables

103 Energy Spectra Mean log mass number
- 4.0 Rand.A(EPOST T CLOES(EFOST—
— - ) - ¥ Rand. A (QGS4) ¥ CLUES (QGS4)
b . - - * - 3.5 R::d. B (EPOS) No Field (EPOS)
L) ; . v
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FRO not significant at highest energies. Larger magnetic field fits lower energies.
103 : :
GZK Proton (Kampert et al. 2011) .
Integral = ... , » ST ek 20 Neutrino flux*E"2 Kotera et al: JCAP
photon s ?lam ! § Auger tybria (20211, 5% (2010)
fl 5 B T
ux h o I EI:[S-I?SU |z:u.?>. 90%_ ers et al:
5‘ 10 § 1nG -1 Mpc (QGSJETII-04) Astropart.Phys.
10 (2010)
A ? arXiv:1005.2620
wio™ L IceCube:
> LA R L L RN ENNERNDR Y T 1
o3 Slmag, T ; — Ahlers {Best Fit 3 EoV) PhysRevD(2018)
glo - " - vl R Bk i< ] | arxiv:1807.01820
. Qo .- v Auger 90% CL (2019) Auger: JCAP
NO fleld & Elc ) '- [ I::?.h: ;':?:%Lctszjzm.un (20%_9)
GZK only "1 T —5 s pis 101 10”5 i 10%° 10%° arXiv:1906.07422

Abreu etal ApJ
(2022)

Best Fit: (1 nG — 234 kpe, EPOS or QGSJETII-04)
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https://arxiv.org/abs/1009.1382
https://arxiv.org/abs/1807.01820v2

Conclusions

FROs as most numerous jetted LLAGN promising to contribute to UHECR-flux

Lepto-hadronic jet-disc model for core-emission from quiet LLAGN-jets predicts:
- close-to-equipartition conditions in core region, CR p-flux <afew EeV (FRO)
- characteristic MeV-feature in photon SED of FROs from accretion flow
- weak y- & v-emitter
 CR-emitting FRO population fits UHECR-observations (spectrum, composition)
except @ highest energies (=100 EeV)

Best Fit: 1 nG random field, 234 kpc corr length, QGSJETII-04 (or EPOS)
e Source energy spectral index y~-2.6...-2.9, emitted composition dominated by p
« Cosmogenic y-ray (v-) flux from z<0.05 FRO source sample similar to pure p (Fe)
composition

Bas . Slovenian
F *t‘ Research

Co-funded by
the European Union

36 Agency

Der Wissenschaftsfonds.
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MODEL COMPARISONS
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Hadronic Jet-Disc Model for M87

107! 4 —— power-law from inner region
] —— Mg = 6.5x10° Mg, d. = 16.8 Mpc
Mgy = (6.5+£0.7) x 10° M, d| = 16.8 Mpc
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[Boughelilba, AR, Merten, 2022] IOg(U/HZ)
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Hadronic Jet-Disc Model for M87

107 — Jet+IA[:AF —

1 e ADAF
1 JFEILth within 7.5r ﬁ_ Jet Daram eterS:

T Rem =57, 8~ 2.3

e | B ~ 10 (...50) G

oy | Epmax ~ @ few 101°GeV, p,~1.7...1.9

ST E ~ 3 GEV, p~1.8...1.9
Z 1 . Upar/Ug ~ 0.6 ... 1.3
'I_+,f RIS 1 SR 0 S P 2...4 10 erg/s
10 12 14 16 18 20 22 24 26

[Boughelilba, AR, Merten, 2022] log(v/Hz)

- 8sb = ADAF ADAF s

« MB87 as relativistic p+e jet — ADAF system

1071

=17
17

Neutrino flux (GeV

 Close-to-equipartition parameters model core SED

1.85
1.85

 Weak neutrino emitter in IceCube energy range
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Length scale L/kpc

FRO as UHECR candidate sources

[Merten, Boughelilba, AR, et al 2021]

« Particle acceleration: « Particle energy losses:

\\ e, e Photo-disintegration,

o | | photomeson production,
> /_\ Bethe-Heitler pair production,

,.El”/g

£

- FJL \/ | synchrotron radiation
R E, \E [Rieger 2019]
u._qB |
ReppipBohm ~ == Ry BOMM ~ T4 (a“) 2 B
E ear ar Bq
Z=26, A=56, model E
107 = =
'&;..___‘ X — Llnss Lacc
5 = -BH - Fermi-| Table 3: Maximum Energy in the jet frame. Here the Bohm diffusion scenario is shown where the X-1 mode
10~ 1 - PPP - shear pure Fermi-I, and the X-2 models use the hybrid approach. The shock speed was fixed at u. = 0.1c.
-PDI —— (i model 1021 (Eqpax/eV) (logyo(Crax/ V)
10 4 - synch. Losc P He N Si Fe
B-1 179 18.0 184 188 19.1 17.70 £ 0.11
C-1 17.1 173 176 179 183 16.90 £ 0.14
10! D-1 172 174 177 18.1 184 17.02 £0.12
E-1 174 178 183 186 18.8 17.44 £ 0.04
" . F-1 174 177 182 185 188 17.38 £ 0.02
107 1 R S T B2 192 195 20.0 203 206  10.18%0.02
=] C2 185 187 178 104 197 18.08 £ 0.57
3 \ D-2 172 174 178 181 184 17.04 £0.10
1077 1 E-2 18.8 191 19.6 199 20.2 18.78 £ 0.02
F-2 176 179 183 187 189 17.54 = 0.06
105 4 ¢ = E/q is the rigidity of the particle in units of volt.
10_ TorTrTTTIaT T T T T T T T T T T
1073 1072 1072 10° 101 102 107 104

nucleus energy Ey /EeV
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