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Entering the age of neutrino astronomy -;4
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= 2013: first detection of diffuse, astrophysical flux

= 2018: first evidence for a correlation between gamma-ray emission

from TXS0506+056 and a high-energy neutrino

» Realtime analysis: regular alerts of ,golden” and ,bronze” event alerts



What have we learned from IceCube?
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= Diffuse flux @ level
E2dN/dE~1e-8 GeV/(s sr cm?)
= Diffuse spectral index ~ E-2-°

= Diffuse flux not dominated by
Galactic emission

= Composition (v, ve,v.)
compatible W|th pionic productlon
(but still very uncertain

= Evidence for sources (~3c level):
blazars & Seyferts
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» Ooservations of nign-energy neuirinos witn lceCuoe

* Modeling of high-energy neutrino (& y-ray) production



1.) CR acceleration 2.) CR interaction 3.) Detection

= 0 D> vy

.-'/

=0 D> viy... %
N

= 1+-10 > vy ...

X-rays(Chandra)

dNCRIdECR - ECR-Z de/y/dEv/y = Ev/y-2
E E .. 20 (V)

max



Hadronic interactions -9—4
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Photo-Hadronic interactions
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Fig: Dermer&Atoyan, New J Phys (2006)
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Co-production of gamma-rays and neutrinos S

Center

» Gamma-ray measurements as
upper limits to neutrino
production

= Spectra steeper than E-2
quickly overproduce gamma-
ray measurements (Fermi)
when only considering
intergalactic y—y

= Intrinsic y—y or y-gas
component needed?
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Possible extragalactic neutrino sources 9—4
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Spiral galaxies — the starburst part _ﬁ_._g Rape
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~ Core-dominated |
The case of NGC1068
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NGC1068: 1
Contribution from interactions with the disk Corona h?‘_é Ee"nfe'i
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NGC1068: 1 )
~>f

neutrinos in the multimessenger picture

E2® [eV s~ em™?]

» Multimessenger fit: combination of starburst + corona contribution
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Jet-dominated Active Galaxy:
The case of TXS0506+056
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TXS0506+056 — time domain -;4

4FGL J0509.4+0542 (TXS 0506+056)
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=» Two potential neutrino flares of very different n : T 03 W e nst o™
=» 2014/2015: ~100 days long, ~10TeV in energy, no ivity :

=» 2018: 1 neutrino with ~300TeV energy, coincident y-ray flare

Difficult to model 2014/2015 flare, see e.g.
Rodrigues et al, ApJL 874 (2019); Reimer, Botter & Buson, ApJ (2019)
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Time-domain of AGN - —

Center

a PKS B1424-418 ("Big Bird") b TXS 0506+056 (IC-170922A) c PKS 1502+106 (IC-190730A)
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Neutrinos arrive in gamma-minima? Possible if gas density extreme: photon absorption

Future propagation models: test this hypothesis with 3-dim gas & B-field distribution

Physics constraints from simultaneous time- and energy-domain modeling



PKS1502+106
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PSK1502+106: a curved, precessing jet” ~>_._4

accretion disc
Illustration of different components gypermassive black hole nearly face-on view)

of PKS 1502+106 (binary?)

b !
'\ LIL BLR clouds

shocked NLR clouds
emitting synchrotron emission
forming the ring-like structure
during the precession period

outﬂowmg HIL BLR clouds
(CIV)

Narrow Line Region

}’37— ecession cone

ionized outflow

Britzen et al, MNRAS 503 (3): 3145 (2021)



PKS1502+106 — v, v, radio, polarization
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Quantative AGN cosmic-ray modeling

-—'
~‘

1/ N\
101 Torus

1__
10 1
10~

-3
10 initial helical field

10'4__ (rotation & outflow) relativistic )
. plasmoid(s)/shock(s) AGN jet
10 71

r(pc)

bulk plasma conical

acceleration  shock helical field  toroidal field (?)
<«—— tubulent field (pc scales) ——>

1 l l l ! | ! l L l L~

1 1 | I 1 ] 1 ] 1 ~

L l_ T _ _
z(pO)=0""10° 10° 10° 1 10" 10° 10° 10* 10° 10°

movilng/Str .....

= B-field structure (blue/red): acceleration (shocks/plasmoids), propagation
dominantly along fieldlines, diffusion and energy dependence sensitive to 6B /B

» Gas structure/Photon fields (yellow/red): interactions, relevant for y-ray & neutrino

production, gamma absorption

Fig: JBT et al, MDPI Physics (2022)



Blazar propagation tools - —

Center

= Basic features:
= Solution of the transport equation,

including important radiation = AM3 (Gao et al, 2017)
processes (e/p-Synchrotron, IC, ’

photohadronic interactions, [hadron- ~ ® PARIS (Cerutti et al, 2015)

hadron)) | o = ATHEVA (Dimitrakoudis et al,
= Transport properties summarized in 2012)

escape term g ’
« 7~E (Bohm diffusion) = Bottcher et al (2013)
= 7~E1/3 (Kolmogorov diffusion)

= t~const (Ballistic propagation)



Example Multimessenger emission for - —
TXS, 2017-flare .‘ o)
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Gao et al, Nat.Phys. 3:88 (2019)
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Example SED of PKS1502 in different states _ﬁ_._g

Leptohadronic model
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Rodrigues et al, ApJ 912:54 (2021)



The new kid on the block: AGNPropa -
A test-particle approach ~>‘é
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conversion into Stochastic Differential Equation (SDE): Numerical solution via Cash-Karb or Boris-Push
dr, = A,dt + Dvudwﬂ Treatment in one framework
o =>» 3-dim treatment of diffusion
> treatment as quasi-partices or ballistic propagation in most

Merten, JBT, Fichtner, Slgl, JCAP (2017) exact way H6rbe, Morris, Cotter, JBT, MNRAS (2020)



AGNPropa: Propagation effects on spectra - —

Center

T
10224 — Hillas-Limit

ballistic /

1020»- diffusive
[N E= lolsev
—-=— E=3-10'%eVv e ———

I, B s
E>7 . [— ). [— .1 \V,
~ (mllm) (0.42(3) 07

1018~ . F=10%ev <
e /
3 1016 //

14 e
10 -
1012_
108 1010 1012 1014
Bl /(G-m)

=» Time scales change from diffusive to ballistic at
neutrino energies of around 10-100 TeV =2 change in Horbe, Morris, Cotter, JBT, MNRAS (2020)
neutrino spectrum from steep to flat! JBT et al, MPDI Physics (2022)
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AGNPropa: Propagation effects on flares _ﬁ_._g
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Summary Theoretical modeling RN .

EE %T__uoo = | Center
= Acceleration of particles at foot of = }‘éf%_;_::f
AGN jet (reconnection - Fermi- 22 23 1w
2nd-order - shocks)? = £y
= Photon targets: Corona, Broadline AN el 10
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= Future: time-dependent modeling - :\ i
to explain light-curves and SED at %
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Outlook: Future neutrino astronomy 5—4
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= |ceCube-Gen2 Surface Lab = Par
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» The future is v-bright ©
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