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Diffuse High-Energy Neutrino Flux

First announced by IceCube in 2013

Spectrum consistent with a power law (here latest plot from ICRC 23)
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http://adsabs.harvard.edu/abs/2018Sci...361.1378I
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lceCube-170922A / TXS 0506+056
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of a high-energy (290 TeV) neutrino with an astrophysical source
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TXS 0506+056: the 2014/15 flare

Detection of a second neutrino flare in 2014-2015
(without a gamma-ray counterpart)

IC40 IC59 IC79 IC86a IC86b IC86¢
5 1 ] 1 1 -
o a Gaussian Analysis \

o 34 = Box-shaped Analysis ] \ o

c"; "

O o .
I = 20

;- :
— i‘.- 10

o e —

2009 2010 2011 2012 2013

2014

2015

—— | — T
2016 2017

3.50 evidence for neutrino emission in 2014-2015 independent

from the 2017 event
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MILKY WAY

4.50 excess from the Galactic plane

Latitude [b) Latitude |b]  Latitude [b]  Latitude [b]  Latitude

=75" Right Ascension &

Consistent with diffuse emission from cosmic ray population (p + p):
Neutral pions produce the LAT diffuse
Charged pions produce the neutrino diffuse
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BLAZARS

Blazar: radio-loud AGN whose
é relativistic jet points towards the
/FRII(NI.RG) Observer

SSRQ

—» Radiative emission from the jet
=== dominates over all other components
(non-thermal emission from radio to
gamma-rays and fast variability)

FR I (NLRG)

Flat-spectrum-radio-quasars : optical/UV spectrum with broad emission lines
BL Lacertae objects : featureless optical/UV spectrum
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BLAZARS

Radio-loud dichotomy: Fanaroff-Riley I and FRII
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https://ui.adsabs.harvard.edu/abs/1991AJ....102..537L/abstract

Log vL, [erg s7!]

BLAZAR SPECTRAL ENERGY DISTRIBUTIONS
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two distinct radiative components
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FSRQs show a peak in the IR
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BL Lacs are classified into:

-IR peak: low-frequency peaked (LBLS)

- optical peak: intermediate (IBLs)
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Fossati et al. 1998
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https://ui.adsabs.harvard.edu/abs/1991AJ....102..537L/abstract

BLAZARS EMISSION MODELS

Synchrotron-Self-Compton

SSC

The low-energy SED component is
synchrotron emission by electrons

High-energy emission?

Leptonic models: inverse Compton

Same leptons that radiate synchrotron
+ their own synchrotron photons (SSC)
+ external photon fields (EIC)

State-of-the-art models:
HBLs —» SSC
LBLs / FSRQs —» EIC
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synch inverse Gompton

External-Inverse-Compton

EIC

synch inverse Jompton
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BLAZARS EMISSION MODELS

Hadronic models
Simplest hadronic model:

Hadronic model The high-energy component is proton
synchrotron radiation

(Mannheim 1993, Aharonian 2000, Mucke & Protheroe 2001)

synch from
secondaries } synch jnverse Gompton
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http://adsabs.harvard.edu/abs/1993A&A...269...67M
http://adsabs.harvard.edu/abs/2000NewA....5..377A
http://adsabs.harvard.edu/abs/2001APh....15..121M
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BLAZARS EMISSION MODELS

Proton-photon interactions complicate the modeling

Photo-meson
pry=p+n’—=p+2
p+y=n+nx"
pry=p +a-+a

Hadronic model

synch from
secondaries } synch jnverse Gompton

+ + + -
T uTty, ety +u,t+u,

Bethe-Heitler pair production

pty=p+e+e”

S Injection of secondary leptons in the emitting region,
triggering synchrotron supported pair-cascades

Synchrotron emission by muons can be important

il
12 Matteo Cerruti @ \‘
] ‘ "



BLAZARS EMISSION MODELS

Leptonic and hadronic models can both work!
Example for Mrk 421 in 2011
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https://ui.adsabs.harvard.edu/abs/2011ApJ...736..131A/abstract

BLAZARS EMISSION MODELS

Why is Bethe-Heitler important?
Injection of pairs at lower energy (compared to photo-meson)
Can dominate the X-ray band and fill the SED valley
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https://ui.adsabs.harvard.edu/abs/2015MNRAS.447...36P/abstract
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TXS 0506+056: the 2017 flare

Keivani et al. 2018
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Proton synchrotron solutions exist,
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http://adsabs.harvard.edu/abs/2018ApJ...864...84K
http://adsabs.harvard.edu/abs/2018arXiv180704275G
http://adsabs.harvard.edu/abs/2018arXiv180704335C
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TXS 0506+056: the 2017 flare

Lepto-hadronic solutions
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L, = (9 —-60)x10 erg/s L, ~x10 erg/s
v =0.01 —0.06 yr~! v=0.3yr!

They can work: neutrino rates of the order of 0.1 / yr
But rather high energetic requirement : L, > Ly, ~ 10%* erg/s
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http://adsabs.harvard.edu/abs/2018arXiv180704275G
http://adsabs.harvard.edu/abs/2018arXiv180704335C

TXS 0506+056: the 2017 flare

Proton-photon interaction on external photon fields
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http://adsabs.harvard.edu/abs/2018ApJ...864...84K
http://adsabs.harvard.edu/abs/2018ApJ...863L..10A
http://adsabs.harvard.edu/abs/2019MNRAS.483L.127R

TXS 0506+056: the 2017 flare

What did we learn on blazars?

- Pure hadronic solutions are excluded!

- The favored scenario is a leptonic electromagnetic emission, with
subdominant hadronic component

- Simple one-zone models can be enough, at the expenses of a high
proton luminosity, and only if the acceleration efficiency is low

- External fields as photon target can help on this aspect

- Maximum proton energy is a free parameter: no UHECR (from this
source)
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TXS 0506+056: the 2014/15 flare
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TXS 0506+056: the 2014/15 flare

What did we learn?

- Single zone models are disfavored : very difficult to get no
photons with the neutrino flare

(although there may be some room in the MeV band)

- A possible solution could be a two-zone models:
the v and the Y-ray emitting region are not the same

il
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Log(E* N/erg cm™ s™)

TXS 0506+056: the 2014/15 flare

The exact cascade spectrum varies a lot in the parameter space

inverse-Compton cascade VS
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https://ui.adsabs.harvard.edu/abs/2019ApJ...881...46R/abstract

ON p-p INTERACTIONS

Can p-p interactions be important?
Usually neglected in single zone models
Can become the dominant channel in jets-obstacles models

'''''''

—— sum of photon flux (Xa =1.35)
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L, = (0.8 —5)x 10"rg/s  Liuetal. 2019
BH v =026 yr!
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http://adsabs.harvard.edu/cgi-bin/bib_query?arXiv:1012.1787
https://arxiv.org/pdf/1807.05113.pdf

HADRONIC CODE COMPARISON

Comparison of five numerical hadronic codes in the literature:
AM3 (Gaoetal. 2017), Athena (pimitrakoudis et al. 2012),
B13 (Bottcher et al. 2013), LeHa-Paris (cerruti et al. 2015)
LeHaMoC(stathopoulos et al. 2023)
- run tests from simple ‘artificial’ cases
(Mono-energetic protons on black-body)
to ‘realistic’ ones
(proton-synchrotron or lepto-hadronic)

- Compute systematic uncertainties from theoretical simulations
- Release all files as benchmark for future developments

A
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https://iopscience.iop.org/article/10.3847/1538-4357/aa7754
https://www.aanda.org/articles/aa/full_html/2012/10/aa19770-12/aa19770-12.html
https://iopscience.iop.org/article/10.1088/0004-637X/768/1/54
https://academic.oup.com/mnras/article/448/1/910/991979
https://academic.oup.com/mnras/article/448/1/910/991979
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https://pos.sissa.it/395/979/pdf

PKS 0735+178

IBL@z=0.65? (>0.42) and IC211208A:

- Neutrino in IC with false alarm rate of 1.2 /yr (GCN)
- LAT source 2.2deg away (slightly beyond the 90% contour)

- Neutrino in Baikal (4h later). Chance coincidence prob. 2.850 (ATel)
- Neutrino in KM3Net on Dec.15, p-value of 14% (ATel)

- Neutrino in Baksan on Dec.4, p-value of 0.2% (ATel)

- Flaring in Fermi-LAT, optical, X-rays

il
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https://gcn.gsfc.nasa.gov/gcn/gcn3/31191.gcn3
https://www.astronomerstelegram.org/?read=15112
https://www.astronomerstelegram.org/?read=15290
https://www.astronomerstelegram.org/?read=15143

PKS 0735+178

Sahakyan et al. 2022
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https://ui.adsabs.harvard.edu/abs/2022arXiv220405060S/abstract

PKS 0735+178
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https://ui.adsabs.harvard.edu/abs/2022arXiv220405060S/abstract

NGC 1068 (AGN) models

vk / (erg cm %7

Radio-quiet AGN + starburst component
GeV emission but only upper limits in the TeV band

Opacity issue: the gamma-ray emission has to be compact
enough to provide opacity to TeV photons -> from AGN

Hot coronal region?
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NGC 1068 (AGN

) models

Inoue et al. 22
See also Peretti et al.23
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CONCLUSIONS

- Blazar hadronic emission models constrained by even a single neutrino
(or by absence of neutrinos!).

- ‘Mixed’ lepto-hadronic scenarios favored by TXS 0506+056

- Multi-zone models favored by TXS 0506 2014 neutrino flare
and by NGC1068

Caveats:
- still some uncertainty from numerical implementations
- still over-simplified homogeneous emission models
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