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Hlgh-Energy Astrophysical Neutrinos

Relevant energies: TeV to PeVs
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Hlgh-Energy Astrophysical Neutrinos

Where they come from?



PR Blazars — Active Galaxies
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‘Relativistic jet:

synchrotron emission

Supermassive black hole:
powerful accelerator

Accretiondisk —
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Search for Neutrino Sources

y-ray photons:
* closestenergies

e accompany neutrinos at birth

Should be detected simultaneously?..

Numerous searches for systematic associations,

2017-2019 and earlier

TXS 05064056 blazar:
the only reliable source
after about ten years
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A multiwavelength view of BL Lac neutrino candidates
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Abstract

A search for point-like and extended sources of cosmic neutrinos using data coll
the ANTARES and IceCube neutrino telescopes is presented. The data set consis
the track-like and shower-like events pointing in the direction of the Southern Sky i
in the nine-year ARES point-source analysis, combined with the through-goin
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ABSTRACT
The discovery of high-energy astrophysical neutrinos by IceCube kicked off a new lin
research to identify the electromagnetic counterparts producing these neutrinos. Among

extragalactic sources, blazars are promising candidate neutrino emitters. Their structure,
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The IceCube Collaboration has published four years of «
atmospheric background. Due to the steeply falling atmc
extraterrestrial. In our previous approach we have studie
neutrino events at PeV energies. In this work we extend o
at or above a reconstructed energy of 100 TeV, but belov
are positionally consistent with the neutrino events abovi
larger sample allows us to better constrain the scaling fac
that when we consider a realistic neutrino spectrum and «
number of lceCube HESE events. We also show that th
neutrino flux and that the expected number of neutrinos i
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Located at the South Pole, the IceCube Neutrino Observatory is the world largest neutrino
a depth between 1450 m to
se astrophysical high-energy

telescope, instrumenting one cubic kilometre of Antarctic ice

2450 m. In 2013 IceCube reported the first observations of a d

neutrino flux. Although the IceCube Collaboration has identified more than 100 higl
neutrino events, the origin of this neutrino flux is still not known. Blazars, a subclass of \mu
Galactic Nuclei and one of the most powerful classes of objects in the Universe, have long been
considered promising sources of high energy neutrinos. A blazar origin of this high-energy

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 years of through-going muon data from the Northern Hemisphere, recorded by
IceCube between 2009 and 2016. No excess of neutrinos from the blazar position was found and

first limits on the neutrino production of these sources will be shown



Our Approach: Neutrino-VLBI Comparison

e Radio interferometry, VLBl —
the only way to directly resolve central parsecs in active galaxies

M87 (1228+126), 2009-05-23, VLBA 8.4 GHz

e VLBI-flux — reliable indicator of bright compact structure

e Selects blazars: jets pointed towards us
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Radio & Neutrino: Data

Blazars: flux density-complete VLBI sample, 3411 objects
=30 years of observations, Sg ¢, = 150 mly http://astrogeo.org/rfc/

Neutrinos — IceCube tracks, public data
200 TeV and above:
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Neutrino — Blazar Association

Testing hypothesis:
* Bright blazars commonly coincide with neutrino arrival directions?

* Neutrinos commonly arrive from directions of bright blazars?



Neutrino — Blazar Association

Testing hypothesis:
* Bright blazars commonly coincide with neutrino arrival directions?
* Neutrinos commonly arrive from directions of bright blazars?

(Plavin+2020)
Result: yes, this correlation is present! = Neutrinos are emitted by blazars!

-+ Non-neutrino AGN average
¥ Neutrino AGN average

Events > 200 TeV p—value — O 2% | Individual neutrino AGN
— et . . i . AN %
Test: blazars within neutrino error regions — 2 %%
are brighter than average. — 4+ v KON %
1L Y R
0.2 0.5 1.0 2.0 5.0 10.0 20.0

. . . flux density,
Lower energies, likelihood map: p-value = 0.3% o GHiz VLB e density. J¥

Test: higher than average IceCube likelihoods in the directions of blazars

Combined: p-value = 4x107>, 4.10



Neutrino — Blazar Associations

lceCube alerts typically include stochastic

uncertainties only e
DEC 60°
45°
We try to account *
for systematics: % *
expand error regions 5° R
by some value T ¥ )
*
15° %
The best Value |S flt _301°2h 10h 8h oh 4h 2h Oh 22h 20h 18h 16h 14h 12F?A
as part of our analysis: 450
turns out to be 0.5° 0
-75°
0.|15 012 0.5 1.0 2.0 5.0 10.0 15.0

VLBI flux density, Jy (Plavin+2020, January)
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Number of Neutrino — Blazar Associations

How many blazars emit neutrinos?
Events > 200 TeV:

-+ Non-neutrino AGN average
¥ Neutrino AGN average
| Individual neutrino AGN

7 L v
COR T
effect is dominated by four brightest blazars g o [ | Y
- % B %
e ww row
75° 0.2 0.5 1.0 2.0 5.0 10.0 20.0
60° 8 GHz VLBI flux density, Jy
DEC
45¢°
30 Ve Lower energies:
A at least ~70 blazars associated
0° 05064 056 — @ > with neutrino tracks
1741 = 038 — 1258 055
150 1730~ 130 —
_30];2h 10h 8h 6h 4h 2h Oh 22h 20h 18h 16h 14h 12FPCA
! There are enough bright blazars
o to explain the whole
(Plavin+2020, January)  *7°° aStI‘OphySica| neUtrinO ﬂUX!
o
0.|15 0.|2 I | 0.|5 - '1j0 2?0 ‘ | 5.|0 - '10I.0 15'.0

VLBI flux density, Jy
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Neutrinos and Blazar Flares

Flares close to the SMBH were predicted to produce neutrinos (e.g., Murase 17)

Neutrino from TXS 0506+056 arrived at the start of a major flare:

I
1.75 —— OVRO 15 GHz :
—}— RATAN 5.0 GHz :
1.50 — RATAN 7.7 GHz I
) ) —— RATAN 11.1 GHz :
Flare as seen in radio: >. 1.25 —— RATAN 21.4 GHz I
> :
[~ |
@ 1.00 !
(] I
© I
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.
0.50
0.25

2008 2010 2012 2014 2016 2018
Epoch

= We correlate radio flux with neutrino detection dates
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Blazar Flares as Seen in Radio

At higher frequencies flux changes
are stronger and occur earlier:
emission from regions closer to SMBH
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Neutrinos and Blazar Flares

* We compare the average radio flux within * AT/2 of neutrino
detection to the average flux outside of this window

Activity index R = ratio of these fluxes (Plavin+2020,January) .. o
1.3 8 GHz
www L1 GHZ
* Result: <. T & e
AGN are brighter around | v
. (< A
neutrino events! " U Y
. . S ni . ' : F - [¥ l:d“!..;
Effect is weaker at lower frequencies 2 el o g I R Pori,
1.0 . . * l - .n. } y :; | :
At 22 GHz: p-value = 5% (post-trial), 1% (pre-trial) LS i it
443 | !
0.9 2L

Fitted value of additional directional error: 0.7 B B 8 o1 8 1 P 3

Delay after neutrino detection, years

Already got independent confirmation: Hovatta et al., arXiv:2009.10523 (22 September 2020)
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Neutrinos and Blazar Flares

Correlation is present even without the four brightest-on-average AGN:

....... 5 GHZ
—+— Non-neutrino AGN average -—-=- 11 GHz
¥ Neutrino AGN average ‘ 22 GHz
| Individual neutring AG+ H'
T 1.2 ,
> I
v o | s W
M c ,J: ' \:
(LT -l 1 2 Ty e
0.2 05 1.0 2.0 n 20.0 2 1.1 r o '
8 GHz VLBI flux density, Jy = L dp AT
+J t) 1 Fi L - A
U r b | ‘.‘ \ I .
< i '__:ir-'.-. | I .
1 . 0 : u"1|. 1 '-. J_ *"'-_.' i
v e T 1.1
V¥
0.9

-4 -3 -2 -1 0 1 2 3 4
Delay after neutrino detection, years

Maximal correlation for PKS 1502+106, but it's not the only one causing this effect.
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Physical Interpretation
Neutrinos are produced in central parsecs of bright blazars via p+y process

(Stecker+91, Neronov+02, Kalashev+15, Cerruti 19, Bottcher+19)

They get emitted predominantly along the jet direction

(predicted in Neronov+02)

Require photons from 100 eV to 200 keV... [ D, py]
e SSC-photons in the jet? % 0 %
T
—>

4
-
... and protons to 10 eV ;:> Vi Ve

* Acceleration in shocks? N

(Bykov et al. 2012; Lemoine & Waxman 2009)

7

Neutrinos accompanied by y-rays, but no correlation found yet — why?
Secondary photons lose energy to pair production fast.

Note: despite observed correlations, neutrinos, radio and gamma photons can be produced in different processes.
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Plavin, Kovalev, Kovalev, Troitsky

S u m m a ry Jan 2020: ApJ, 894, 101

Sep 2020: https://arxiv.org/abs/2009.08914

Neutrinos from TeV to PeV are produced in central parsecs of bright blazars

] . ] Significance 4.10, p = 4x10°
* At least 70 blazars are associtated with IceCube neutrino tracks
* VLBI is key to this association

* Essential to account for systematic positional errors: our estimateis =~ 0.5°

Radio blazars can explain all astrophysical neutrinos of these energies

They emit neutrinos along the jet direction

» Strong constrains on the astrophysical conditions: photons to 100 keV, protons to 1016 eV

Ongoing and future studies:
* Independentconfirmations: temporal correlation with flares detected in Hovatta et al., 2020
* More neutrino detections with better precision: IceCube, Baikal, ANTARES, ...

* Observing blazars specifically focused on those coinciding with neutrinos. 2 Dec 2020: triggered VLBA follow-up on IC 201130A
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