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Cosmic Rays as Messengers of the High-Energy Universe

Energies and rates of the cosmic-ray panicles

T T T L] T

Grigonov +
Akano
10° | protons only MSU —o
_,....( KASCADE =
' Tibet
1 Yo, KASE.&DE-G_IEanda .
- X lcaTop7T3 -
, "." all-particle Hi?ﬂs?&i a
102 b . A2013 =
glectrons Auger2013
Modeal Hda

CREAM all particle

E2dN/dE  (GeV em2sr's™)
=
! : /

TEVATRON
LHC

T

10° 10° 10° 10° 10° 10"
[adapted from: E (GeV/particle)
Blasi 2013]
* Where

[from: Auger & TA Collab. 2014]

do the cosmic rays originate?

* What are their sources?
« How do these cosmic particle accelerators work?
(Mechanisms, environments, ...)
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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
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» “Hillas”-Criterium: E__, ~ 10" Z 8 (B/uG) (L/pc) eV

» Source power criterium: P, ..> 104322 (E, ., /10"% V)2 erg/s

> Population power density criterium: U, ation~ 1044-4° erg Mpc2yr' for Eczr~10"8-21 eV
(within UHECR horizon)

‘ Required population density: njoyiation~ 108+ Mpc-3
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Linking cosmic rays - gamma rays - neutrinos
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The PeV-neutrino sky
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Active Galactic Nuclei (AGN)

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

NGC 4261

| — ]
380 Arc Seconds 17 Arc Seconds
88,000 LIGHT-YEARS 400 LIGHTYEARS

normal galaxy



Radiative properties of the non-thermal AGN
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The Zoo of AGN
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http:/farxiv.org/pdf/1302.1397v1.pdf
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Most numerous jet population in the local Universe

- Fanaroff-Riley 0 (FR0) Radio galaxies -

 Host gala

 Core-dominated, pc ... kpc jets
* L = 10425435 erg/s v
* Ngre ~ a few 104 Mpc3 v
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E Subthreshold FROs (Paliya 2021)
LEDA 55267 (Paliya 2021)
B LEDA 58287 (Paliya 2021)

[Boughelilba 2023]

10°

Particle Physics Seminar, Uni Vienna

1020 1022 1026  102°
10



FRO as UHECR candidate sources

 Particle acceleration:

[Rieger 2019]

Bohm . Ys4B ou E
RF : Bohm 14 (Z2)2 =
ermil E Rshear‘ ° r ( ) Bq

[Merten, Boughelilba, AR, et al 2021]
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[VLBA+GBT 86 GHz image; from: Hada et al 2016]

M universitat Particle Physics Seminar, Uni Vienna
innsbruck



FRO as UHECR candidate sources

nucleus energy Ey / EeV

[Merten, Boughelilba, AR, et al 2021]

sle 3: Maximum Energy in the jet frame. Here the Bohm diffusion scenario is shown where the
e Fermi-I, and the X-2 models use the hybrid approach. The shock speed was fixed at u, = 0.1¢

model logo(Eax/eV) (logyo(Snae/ V)
P He N Si Fe
B-1 179 180 184 188 19.1 17.70 £ 0.11
C-1 171 173 176 179 183 16.90 £ 0.14
D-1 172 174 177 181 184 17.02+0.12
E-1 174 178 183 186 188 17.44 +£0.04
F-1 174 17.7 182 185 188 17.38 £ 0.02
B-2 19.2 195 200 203 206 19.18 £ 0.02

C-2 185 18.7 17.8 194 19.7 18.08 £ 0.57
D-2 172 174 178 181 184 17.04 £0.10
E-2 188 19.1 196 199 20.2 18.78 £0.02
F-2 176 179 183 18.7 189 17.54 + 0.06

¢ = E/q is the rigidity of the particle in units of volt.

« Particle energy losses:
Sychrotron radiation; Photo-disintegration, photomeson production,
Bethe-Heitler pair production on jet (synchrotron) radiation field
Z=26, A=56, model E
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Broadband SED of low-power radio galaxies
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Striking similarity of broadband photon emission between
quiet core M87 (FR1) & typical FRO core!

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

Messier 87

[Credit: EHT-collab.]

Credit: NASA & the Hubble Heritage Team (STScl/AURA)
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The quiescent multiwavelength view of M87
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Image Crodit: The EHT Muliwavslengih Science Working Group, the EHT Collaboralion; ALMA [ESOrMACUIMNAAD], S EVH; Sw EAVN Colabormtion: VLEA(NRALY), The GMVA; Fe Hubble Space Telescope; the Hel Gotwels Seill Obsermiony;
the Chanden X-ray Dbsermiory; S Muckear Specroscopi: Tolesccps Artary t Fermi-LAT Collstoration; the H.E.5. 5 collaboration; the MAGIC collaboration; the VERITAS collaborwiion;. NASA and ESA. Composition by J. C. Algaba

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

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

[Credit: EHT-collab.] [EHT-collab. 23]
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The quiescent core of M87
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The flaring core of M87
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The flaring core of M87 in 2018
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Similar radio-to-optical SED, increased X-ray fluxes,

harder & increased GeV-VHE-emission
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[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

Pair cascade

Bethe—Heitler pair production
e low E photon

: hot T pion photoproduction

pion photoproduction -
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- e -
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= -~ i S P )
e n -— - . -~
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inverse Compton scattering-._ : pair production

S
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CZP’ 7p,min: }/p,max/ e/p
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 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), -...2°



CR-ENTREES - cosmic-Ray ENergy TRansport in timE-Evolving

astrophysical Settings

B Fn +FS + Elg'ap (D2 (DrosFn)] + Fe = QuPr

OFun + 55 + Jr0p[0® (DuossF )] + Fiis = FEI

0 Fe + F + 10, [p?(DrosFo)] = QP + FY7 + FP)

O F, + F&¢ + F)7 = Fom + Fprb

with Fpaice = Fpaice(D. 1), Qua’ = Qu'a (P t). Dioss = Dioss (F (€, 1), B(t): p. t)
FPT = FPI(F, (¢, t);p,t), FI'=F7(F,(c,t);p,t)

1

F,=F,(et), FI' = FI(F, (e, t);6,t), FP7 = FPY(F, (¢, t);¢,t)

* Primary particle injection & tracking: v, p, n, e, w, u, K, Vs Ve

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

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

B universitat Particle Physics Seminar, Uni Vienna
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CR-ENTREES - cosmic-Ray ENergy TRansport in timE-Evolving
astrophysical Settings

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

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

B universitat Particle Physics Seminar, Uni Vienna 22
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Hadronic Jet-Disc Model for M87

107 | —— Power-law from inner region
] = Mgy = 6.5x10° M, d, = 16.8 Mpc
Men = (6.52£47) X 10° Mo, d. = 16.8 Mpc ADAF parameters (beyond sonic
T ‘I‘ point):
q
5 + Qyiscosity ~ 0.1
5 | ~0.9
“"; | i ﬂgas
- I M - 10 edd (r/rout) 4
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[Boughelilba, AR, Merten, 2022] Iog WH
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1071 — Jet + ADAF
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Hadronic Jet-Disc Model for M87

Neutrino SED
- |
107" 4 Augel’
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i —— Emaxp =1.064+10 GEV, ppo=17
=

9

107

—— Emax,p =7.08409 GeV, ppr=1,85
—— Emax,p =1.0e+10 GeV, ppru=1.85
—— lceCube sensitivity

—— Auger sensitivity

T
1000

ADAF/
MAD

L
]ul-’ ]DH ]ol: 10'.! '_O!C
energy (eV)

 MB87 as relativistic proton+electron jet — disc system

 Close-to-equipartition parameters model core SED of M87

« Weak neutrino emitter in IceCube energy range
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Hadronic Jet-Disc model for FROs

B=25.0G

_ B=25.0G
10710 10710
Jet Jet
Host galaxy Host galaxy
10711 ADAF 10-11 | ADAF
= Total — Total
MAGIC (50h) LEDA 55267 \ MAGIC (50h) LEDA 58287 \
107124 =~ H.E.S.S. (50h) \ 10-124 == H.E.S.S. (50h) \
_ ~ Ay
T T -
g 10713 4 ‘g 1013 4 *
10714 4 10-14 4 A
;
10715 4 10-15 4
o 10I:l1 ld” lC;” lC;zD 1623 1625 107 ldu . 10'14 10v7 10‘20 1623 lolzs
v [Boughelilba & AR, 2023] v )
ADAF parameters: Jet parameters:
Rem~afew 10cm I~ 1.2
Qyiceosivy ~ 0.1 ’
viscosity B~25-50G
~0.99
’B.-"“s . E,max ~ @few 10'%eV, p,~1.7~p,
Moyt ~ 1034 Medd (r/rout)o'1 43
Upar/Ug ~0.04 ... 0.5, Py <210% erg/s
-> Slow, strongly magnetized jet containing CR-p reaching a few EeV
[] :Jnnr:gg;a'gﬁt Particle Physics Seminar, Uni Vienna 25




Hadronic Jet-Disc model for FR0O population

B=25.0G

107°

= average (total)
MAGIC (50h)
i { === H.E.S.S. (50h)

10710 5

10—11 -

10712 5

10—13 -

vF, (erg/cm?/s)

10—14 .

10—15 .

10—16 .

[Boughelilba & AR, 2023]

107 1010 1013 1016 1019 1022 1023
v (Hz)

 FROs as relativistic proton+electron jet — ADAF system
 Close-to-equipartition parameters model core SED of FROs

« Can potentially contribute significantly to UHECR-flux up to a few 10%%eV
»  Weak neutrino emitter <1013 GeV cm?s™ (E, .~ 0.1...1 EeV)

« Distinct signature of ADAF emission predicted in MeV-band

M universitat Particle Physics Seminar, Uni Vienna 26
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Cosmic rays in extended jets of AGN

kpc-jet of Centaurus A

-42°56'00.0"

58'00.0"

-43°00'00.0"

Dec (J2000)

02'00.0"

04'00.0"

06'00.0"

0.00
26m00.00s 48.00s 36.00s 24.00s 12.00s 13h25m00.00s

RA (J2000)
[HESS-collab., 2020, Science]

Gamma rays up to TeVs from extended jets!

M universitat Particle Physics Seminar, Uni Vienna
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Extended hadronic jet emission model

['y(2)

O Fn + F&e + L0 [D* (ProwcFr)] + frie — Qinier
O Fux+ Fff':T + Elgap D2 (ProssFun)] + Fﬂfﬁ _ Fmr;h

OF o+ F5* + Bty (D (b o) = QU™ + BT+ ED

OF, + Fose L 17 — fem 4 fevh

with Fpuice = Fpartice(P, 1), QNe’ = R}j:‘;gf"(p= t), Dioss = Dioss(F (€, 1), B(t): p, t)

FP' = FPI(F, (e, t):p,t). 17" = F7(F, (e t):p,t)

F, = F,(c,t), FJ' = F1'(F, (e, t);e.t), FP7 = FPI(F, (e, t);¢,t)

ﬁ Fb(z)

Jet radius _
R(z) o« z tan (0.26/1, (2))
[Pushkarev et al 2009, 2017]

z,~6R,

Poynting flux [Zacharias, AR, Boisson, Zech, 2022]

Conical coasting

dominated parabolic zone: I, ~ const

bulk acceleration
zone: I'y(z)~ Vz

M universitat
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Extended hadronic jet emission model

E°bs [eV]
0= 107t 10° 10" 10t 1018 10
| | | | | | |
no external targets * Initial proton-to-electron
1l
- 1 (p/e) ratio = 10-1°
é‘d Fo
£
n B @
22T e
S &
,§ o
~ -2
-3
T —4
T e e e A
101 10 % w® % 10 1o
b‘
[Zacharias, AR, Boisson, Zech 22] Vo [Hz]

* Photon spectra dominated by radiation from pairs (synchr., SSC)

» vy-ray emission drops faster than radio-to-X-ray emission along the jet
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Extended hadronic jet emission model
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* Notable y-ray production (dominated by radiation from pairs) all along the jet

« Relativistic protons responsible for appreciable pair injection along the jet
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Concluding Remarks

» AGN jets as particle multi-messenger (y, v, CR) sources

» Sources of the hadronic UHECRSs likely require different environment as
compared to bright y-/v-source
-> Low-luminosity jetted AGN (Fro, FrR1) suitable UHECR sources

(prediction of close-to-equipartition conditions in core region &
MeV-feature in SED of FROs)

> Hadronic UHECRSs excellent energy carrier along extended jets
-> HE-brightness distribution of extended jets may hold

signatures of protonic UHECRs in jets
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