


Active galaxies, quasars, blazars...

Observationally

Central "core” brighter than the rest
High luminosity, strong variability

Relativistic jet, dominates when beamed




Active galaxies, quasars, blazars...
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Active galaxies, quasars, blazars...

Blazar AN
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TeV-PeV neutrinos from active galaxies?

Expectations

Expected for a ]Oﬂg time: Berezinsky 77, Eichler 79

Many possible production scenarios:

Close to BH and disk? Begelman+go
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Neutrinos from active galaxies

4

IceCube individual associations .

10

8 Cascade 224 TeV

3 GVD 210418CA

U * Track 290 TeV

A C 170927A
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* TXS 0506+056: bright blazar, 2 Gpc -
[ceCube in 2017, Baikal-GVD in 2021

* NGC 1008: AGN, 15 Mpc oA )

Two very different objects!
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Neutrino from active galaxies

Looking for the population

Before 2020: searches for
gamma-ray correlation,
negat ive results BN A S i SN S

ANTARES Collaboration®: A. Albert™?, M. André®, M. Anghinolfi*, G. Anton®.

AGN outflows as neutrino sources: an observational test Abstrack
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view of ANTARES and the large size of IceCube are exploited to improve the sensitivity
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Located at the South Pole, the IceCube Neutrino Observatory is the world largest neutrino
telescope. instrumenting one cubic Kilometre of Antarctic ice at a depth between 1450m o
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Neutrino from active galaxies

Looking for the population

Before 2020: searches for
gamma-ray correlation,

negative results

ANTARES and IceCube Combined Search for Neutrino
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Located at the South Pole, the IceCube Neutrino Observatory is the world largest neutrino
telescope. instrumenting one cubic Kilometre of Antarctic ice at a depth between 1450m o
2450m. In 2013 lceCube reported the first observations of a diffuse astrophysical high-energy
neutrino flux, Although the IceCube Collaboration has identified more than 100 high-energy
neutrino events, the origin of this neutrino flux is still not known. Blazars, a subclass of Active
Galactic Nuclei and one of the most powerful classes of objects in the Universe, have long been
considered promising sources of high energy ncutnnos. A blazar ongin of this high-cnergy
neutrino flux can be examined using stacking methods testing the correlation between IceCube
neutrinos and catalogs of hypothesized sources, Here we present the results of a stacking analysis
for 1301 blazars from the third catalog of hard Fermi-LAT sources (3FHL). The analysis is

performed on 8 vears of through-going muon data from the Northern Hemisphere, recorded by
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Neutrino from active galaxies

Looking for the population

Before 2020: searches for
gamma-ray correlation,

negative results

ANTARES and IceCube Combined Search for Neutrino
Point-like and Extended Sources in the Southern Sky
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Abstract

A search for point-like and extended sources of cosmic neutrinos using data collected by
the ANTARES and IceCube neutrino telescopes is presented. The data set consists of all
the track-like and shower-like events pointing in the direction of the Southern Sky included
in the nine-year ANTARES point-source analysis, combined with the through-going track-
like events used in the seven-year IceCube point-source search. The advantageous field of
view of ANTARES and the large size of IceCube are exploited to improve the sensitivity
in the Southern Sky by a factor ~2 compared to both individual analyses. In this work,
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The discovery of high-energy astrophysical neutrinos by IceCube kicked off a new line of
research to identify the electromagnetic counterparts producing these neutrinos. Among the
extragalactic sources, blazars are promising candidate neutrino emitters. Their structure, with
arclativistic jet pointing to the Earth, offers a natural aceelerator of particles and for this reason
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neutrino flux can be examined using stacking methods testing the correlation between IceCube
neutrinos and catalogs of hypothesized sources, Here we present the results of a stacking analysis
for 1301 blazars from the third catalog of hard Fermi-LAT sources (3FHL). The analysis is

performed on 8 vears of through-going muon data from the Northern Hemisphere, recorded by

2020: We associated neutrinos
with radio blazars, plavin+20
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Neutrinos from active galaxies

Looking for the population

[t's 2022: three years since our first neutrino-blazar population
association

 Was it a real result, or turned out to be a correaltion?

Multiple related works with controversial findings

* General picture of neutrino production mechanisms in AGNs?

How TXS 0506 and NGC 1068 fare?

* What to expect in the future?



Radio blazar — neutrino association

3.5k VLBI-bright blazars

71 IceCube neutrinos above 200 TeV

Correlate with blazars, trying to take
systematics into account

Statistical test:

blazars around neutrino arrival directions tend

to be brighter?

Scramble in RA: direct and robust approach

Same procedure as in 2020, even more details
are given for reproducibility
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Radio blazar — neutrino assocnatlon

Result: average radio flux is higher for blazars
around neutrinos!

p=3-10+4 (3.6 o)

For comparison, in 2020 (56 evts): p=2:103
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Radio blazar — neutrino associa

Ver. 2022

Result: average radio flux is higher for blazars
around neutrinos!

p=3-10+4 (3.6 o)

For comparison, in 2020 (56 evts): p=2:103

Together with independent TeV+ analysis
(Plavin+21): P=2:1075 (4.3 ©)
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Radio blazar — neutrino association -
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Result: average radio flux is higher for blazars
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Trying to account for systematic errors:
et (Pavinetal, 2020 expand error regions by some value.



PKS1741-038
VLBI 15 GHz

Notable individual associations g i

PKS0735+178
VLBI 15 GHz 24

PKS1741-038

* PKS 1741-038: selected in Plavin+20, now a dublet peak 05 yibeam

. . — A20

* PKS 0735+178: neutrinos in Dec 2021 reported by T msuagsose
Peak 3.7 Jy/beam

[ceCube, Baikal-GVD, KM3Net, Baksan 2
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* TXS 1749+0906: brightest & most beamed since 2020 PKS 1502106

VLBI 15 GHz 14
Peak 1.1 Jy/beam

* PKS 1502+106: Plavin+20 first paper to note as a likely

neutrino source. Flare coincidence confirmed later, V.
multiple works with modeling: Rodrigues+2,
Oikonomou+21, 8
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Neutrinos from active galaxies
Interpretation as of 2022

Neutrino production related to jets, beamed in the same direction

» Strong correlation with VLBI that selected bright & compact |u (2) Doppler Faciol

* High Doppler boosting: Il —

3C279 and TXS 1749+096 are two of three with D >100  Homan-i | |11 s js 100
°70 20 ( i =

Doppler Factor



TXS0506+056 1,
VLBI 15 GHz

NeUtrinOS fr()m aCtive galaXieS — Peak 0.3 Jy/beam
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TXS 0506+056: typical VLBI-bright blazar 600
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TXS0506+056 1,
VLBI 15 GHz

Neutrinos from active galaxies ks Sbean
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TXS 0506+056: typical VLBI-bright blazar

Not distinguished in our analysis:

VLBI catalog flux describes its quiescent state voearretecin — NGC 1068

Radio jet
(MERLIN)

NGC 1068: also an AGN, but far less beamed

Same as EM: beaming not required for
nearby sources




Neutrinos from active galaxies
Interpretation as of 2022

Neutrino production related to jets, beamed in the same direction
* Strong correlation with VLBI that selected bright & compact

* Typically high Doppler boosting, but not required to see nearby objects — same as EM

Accompanying gamma rays: not produced in large quantities or cascade down in energy

* No IceCube vs Fermi correlation found

p-gamma mechanism preferred, but p-p not excluded  Neronov+2i
* Look for target photons? Their nature also not clear for now.

* Accelerated protons required, 105 eV



Neutrinos from active galaxies

Statistical Search: notable points

Complete source samples with well-defined selection criteria crucial for both analysis and
Interpretation

Eg, Buson+22 found significant neutrino correlation with BZCat, but how uniform is that
catalog? What source population it contains? Definite inclusion criteria needed!

Taking systematics into account remains important, some
new associations lie outside original errors. Works such as
Lagunas+21 also point out issues in uncertainty geometry.

Relative to Plavin+20, significance grows as sqrt(# events).
Extrapolating, we expect §c in §-7 years. -
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Results remain statistical: uniform complete catalogs are crucial!

Where & how they are produced? Many unknowns still...

Plavin, Kovalev, Kovalev, Troitsky, MNRAS submitted



