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The AGN-neutrino connection

Non-jetted AGN
‘ + AGN and blazars contain non-thermal
\ ¥

‘ | % particles
+ If they also contain non-thermal hadrons,

-+ . . .
then z— production is possible, hence
neutrinos!

Q Blazar 4+ Long-standing theoretical connections
| (Berezinsky, Zatsepin, Stecker,

Mannheim, ...)
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AGN as neutrino sources
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Could they come from the same underlying mechanism?

lceCube, 2022
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XS 0506+056 In 2017
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XS 0506+056 In 2017

eV keV MeV GeV TeV PeV

-9
Leptonic Photons
Accretion disk ® Accelerated e+/e- Hadronic Muon Neutrinos
Relativistic jet, Doppler factor = 20-30 ® Accelerated protons 2 -10+ Gev-y
L o Optical </
= _.n, Radio g | $
~0.05 pc BAN [\, Optical o Ly
M W X-ray . . 2 ! TeV-y
......... ~11t |
W y-ray p m \
oo, Ne . ~ /7 TA--.
\ utrino Observer at earth < Yoo
5 | Qo
Emission region ~ :
Supermassive black hole S -12} jorgaton
S
|< 10 pc >|< 1.35 Gpc >| -
Leptohadronic models due to strong X-ray constraints | |l
10 15 20 25

log4o(Frequency/Hertz)

Damiano Fiorillo Gao et al . 20719 @see also Cerutti et al., 2018; Sahakyan, 2018; Gokus et al., 2018; Keivani et al., 2018, ...)



TXS 05064056 in 10-years data
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Searches for point sources
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Coronae in AGN
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Non-jetted origin of TXS neutrinos?
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Main requirements: acceleration
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Peak energy: how rapid is acceleration?
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Acceleration in turbulence

Slow acceleration mechanism

Maximum neutrino energies

~1—=10TeV

Too slow for TXS signall!

Magnetized turbulence (Murase et al.,
2019; DF, Comisso, Peretti, Petropoulou,
Sironi, 2024)
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Acceleration in reconnection
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Reconnection: energy budget

X — rays

Ly X LX Lp

D 1%




Reconnection: energy budget

X — rays

Ty Ly Ex by
p %

4+ [, cannot be directly observed

4+ We infer it from luminosity of
O Il and O Il lines

+ L, ~4x10%* erg/s
between 0.1-100 keV
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Reconnection: energy budget

p 1%
4+ [, cannot be directly observed 4+ In magnetic reconnection
layer, L, ~ 0.2Ly

4+ We infer it from luminosity of

Il and 11 1
O Il and O lll lines 4+ We take as extreme case

between 0.1-100 keV
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Spectral emission from TXS corona
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Spectral emission from TXS corona
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Spectral emission from TXS corona
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Simulations using AM3 (Klinger et al., 2023)



Spectral emission from TXS corona
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Conclusions

+ If neutrinos are coronal, or from inner regions, we need

4+ Reconnection (or rapid acceleration)
+ L, comparable with jet luminosities (disfavored by AGN correlations)

+ Lp > L (distavored by PIC simulations)

+ Time variability, population studies, as complementary observables
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Backup slides
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Coronal emission
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TXS 0506+056 1n 2014/15

Neutrino flux much larger than gamma-rays!
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Timescales for magnetic reconnection
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Timescales for magnetic turbulence
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Estimated coronal properties

Magnetic dissipation rate comparable with X-ray

luminosity

Lx 1/2 1/2  —1/2
B = UXC,B R2 ~ 1.3 LX,4377X,—O.3 rec,—1

n, ~ 1013 ecm?

6~ 10-100, 6, ~ 10°~

Damiano Fiorillo

—1/2

Ri4 s kG.
(1)

Parameter TXS (LL) TXS (HL) TXS (EL)
Lx [10* erg/s] 4 40 2 x 103
L, [10*° erg/s] 0.8 80 4 x 10°
B [kG] 2.6 8.1 57.3
i 0.1 1 1




XS 0506+056 In 2017
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Astrophysical neutrino production

pp > i w
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Astrophysical neutrino production
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Astrophysical neutrino production
nxt, 1/3 of all cases
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Neutrino astrophysics

4+ What is the origin of cosmic-rays?

4+ How can we test the presence of cosmic-rays in a given source?

V7

v travel unimpeded

y are absorbed, and may

, , be produced by electrons
Cosmic-rays do not point

back to sources
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Neutrino astrophysics

4+ What is the origin of cosmic-rays?

4+ How can we test the presence of cosmic-rays in a given source?

V7

v travel unimpeded

y are absorbed, and may

, , be produced by electrons
Cosmic-rays do not point

back to sources
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lceCube

4+ Cascades allow precise energy reconstruction
4+ Mainly v, and v,

4+ Detection of a diffuse astrophysical
neutrino spectrum
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lceCube

4+ Cascades allow precise energy reconstruction
4+ Mainly v, and v,

4+ Detection of a diffuse astrophysical
neutrino spectrum

4+ Tracks allow precise angular reconstruction

+ Mainly v,

4+ Only few point sources detected as yet!
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Coronae in AGN

1 049 1) l.l UUIII 1 ] .l L] l:"l] | LI lllll | L llll'
48 disk emission
10 (optlcal & UV)
\Y .
47 S / .+
10 \, coronal emission

Comptonized X rays
CR-induced cascade 7%

? é CR; optical/UV
S/ \Y

accretion

—3

n, ~10% cm

o Figures from Murase et al., 2019
Damiano Fiorillo



Neutrinos in AGN coronae

4+ Dense X-rays means optically thick

4+ Dense X-rays are also a target for py neutrino production

+ Strong magnetic fields are connected with promising particle accelerators

+ What is the acceleration process?
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Reconnection-based scenario

Based on Fiorillo, Petropoulou, Comisso, Peretti, Sironi,
Ap) Lett. 961 (2024) 1, L14



Magnetic reconnection
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lon acceleration in reconnection layers

Damiano Fiorillo

/Zhang et al., 2023

+ Hard spectrum dN/dy « y~!
up toy ~ 30

4+ Soft spectrum dN/dy « y~* at
higher energies

+ Rapid acceleration over

timescales z,.. ~ E/p,..eBc



lon acceleration in reconnection layers
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For large guide field, high-energy spectrum is softer (dN/dy « y~>)

Most energy concentrated at y ~ ¢, so rough equipartition!
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NGC 1068 and reconnection

4+ If neutrinos peak at 1 TeV, protons peak at 20 TeV

Damiano Fiorillo



NGC 1068 and reconnection

+ If neutrinos peak at 1 TeV, protons peak at 20 TeV

+ Reconnection would imply ¢, >~ 20 TeV/mpc2 ~ 10
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NGC 1068 and reconnection

+ If neutrinos peak at 1 TeV, protons peak at 20 TeV

+ Reconnection would imply ¢, >~ 20 TeV/mpc2 ~ 10

+ Magnetic field in rough equipartition with X-rays (magnetically powered
corona) implies B ~ 10* G
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NGC 1068 and reconnection

+ If neutrinos peak at 1 TeV, protons peak at 20 TeV

+ Reconnection would imply ¢, >~ 20 TeV/nftpc2 ~ 10*

+ Magnetic field in rough equipartition with X-rays (magnetically powered
corona) implies B ~ 10* G

+ Proton density must be n, =~ 10° cm™ (pair-dominated corona)
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Acceleration and cooling
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Acceleration and cooling
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Acceleration and cooling
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Acceleration and cooling
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Multimessenger emission
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Multimessenger emission
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Turbulence-based scenario

Based on Fiorillo, Comisso, Peretti, Petropoulou, Sironi,
In preparation



= NGC 1068
N Ly=10" erg/s
107 E \ d=12.7 Mpc

—h

ol
—
o
|

1011

104102102 10"

Damiano Fiorillo

EFE[Gchmzs1]
o
('o I
=
Q
S

Stochastic acceleration

starburst

[ (MW16)

10° 10" 10 10° 10* 10° 10° 10’

E [GeV]

scade Y
al eX ——~—

IceCube

........

4+ Turbulence has time-varying magnetic
fields

4+ Historical picture: ensemble of waves
(gyroresonance)

4+ Murase et al., 2019, propose weak
turbulence (6,,. ~ 107 in NGC 1068



Stochastic acceleration

4+ In MHD turbulence, broadened resonance means gyroresonance is

inapplicable

4+ Non-resonant acceleration: all protons dominated by largest structures
(tyoe ~ C10,,:C)

aCC
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Stochastic acceleration

4+ In MHD turbulence, broadened resonance means gyroresonance is

inapplicable

4+ Non-resonant acceleration: all protons dominated by largest structures
(tacc ~ L/ Gturc)

4+ Dissipation rate must be large enough to explain IceCube neutrino
normalization!

O RM;
o Lp=2.1X 10* erg/s erg/s is the available energy, so
n 20r,

o~ 1072 — 1
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Acceleration and cooling
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1011 T | s 2 x s s saal N llluulr s s a s s aasl T
0? 10° 10? 10° 10° 107

+ Acceleration rate is energy-independent

+ Bethe-Heitler cooling limits proton energy
to 20 TeV — sufficiently compact coronal!

+ Not all protons are accelerated by
turbulence — no need to invoke pair-
dominated corona!



Acceleration and cooling
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4+ Exponential cutoff rather than power-law
suppression

4+ Spectral index below the peak is o« E!
independently of turbulence properties
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Conclusions

+ Reconnection-based scenario
4+ Global equipartition limits maximum proton energy
4+ Reconnection layer with strong guide field, pair-dominated corona

+ Likely short-scale time-dependent features

4+ Turbulence-based scenario
4+ Acceleration competes with Bethe-Heitler
4+ Strong magnetic turbulence, non-resonant acceleration
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Reconnection layers in AGN coronae
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Magnetic reconnection

Inflow region
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