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Neutrinos

In the multimessenger context Vo \

AGNs, SNRs, GRBs...

Dark Matter
Messengers °

-

) Gamma rays -
< ., They point to their sources, but they

‘ can be absorbed and are created by
V -

multiple emission mechanismes.
X

black
holes

» A cosmic proton accelerator
® neutrinos & y-rays.

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

/

air shower
’

w

They are charged particles and
are deflected by magnetic fields.
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Neutrinos

In the multimessenger context

» A cosmic proton accelerator
® neutrinos & y-rays.

- Standard picture: Expect
similar fluxes of neutrinos
and gamma-rays on Earth.

- [Nnhe cosmic-ray, neutrino,
and gamma-ray
backgrounds support this
scenario.
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Photohadronic Interaction

v v

Production of 7°, z*, 7~

r\N\+4‘p

Zx  Gamma rays (Fermi 2017)
1 Neutrinos (HESE 7.5yr, this work)
" Cosmic rays (Auger 2017)

+ +
T~ —> U

10—10 -
101

|
10!

103 105 107 109
Energy [GeV]

Dark Matter
Messengers



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.022002

The first neutrino source
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https://www.science.org/doi/10.1126/science.aat2890
https://www.science.org/doi/10.1126/science.aat1378

The first neutrino source
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https://www.science.org/doi/10.1126/science.aat2890
https://www.science.org/doi/10.1126/science.aat1378
https://doi.org/10.1093/mnras/sty1852

The second source and the puzzle of missing y rays

.I.M Chiara Bellenghi — TMEX2025
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A multimessenger puzzle

y-ray-obscured AGN
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High-energy emission from NGC 1068

. November 2022: IceCube publishes evidence IceCube TeV neutrinos

for TeV neutrino emission from the nearby =
active galaxy NGC 1068. &

« GeV y-ray flux measured by Fermi ~100x

R
=
O -
smaller than the neutrino flux. % Fermi GeV y-rays
-

10712 < —t——’—
- . R A B S S
- Upper limits from MAGIC constrain the TeV y- = : ~+

ray Tlux ~100x below the neutrino flux. [

« No correlation between neutrino and high-
energy y-ray emissions in NGC 1068?
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https://www.science.org/doi/10.1126/science.abg3395

AGN — Main components

Chiara Bellenghi

Non-Jetted (Radio Quiet) AGN

BL Law FSRQ) Jetted (Radio Loud) AGN
ac,
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Black Hole

— Dust Torus

Accretion
Disk

Hot corona

BLR

Credit: P. Padovani and M. Huber
Padovani et al. Astron.Astrophys.Rev. (2017)
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https://arxiv.org/abs/1707.07134

The X-ray-bright Seytert NGC 1068
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° E [eV]
Where do IceCube neutrinos come from? . . . " o g0 oo
1045 4 = SB galaxy Disc-Corona Jet — 7 [ 1077 -
-
- The only region not proved to be too weak to e - 1079 8
orovide the measured neutrino power is the bl v >
: : L . | 10—11
region in the vicinity of the BH T 104 - 1= =
— t ..o . o ; \%
S 1039 - __‘,,,;.“ ; ;;; - 1013 C:]e‘
The X-ray corona? ot/ )
Radio IR UI\)/ X-ray MeV v GeV v TeV v
- NGC 1068 among the brightest X-ray AGN in 10 102 10t 10t 102t 10%% 1077
the universe. v [Hz]
Component Scale L, (0.1 —10 GeV) L, (1.5 —15 TeV)
. The SB galaxy likely source of Star formation > kpc ~ 10%07 < 10401
Jet ~ kpc < 107 (M87-like) < 1047
the observed y rays. Outflow (UFO) ~ pc < 10412 < 10404
BH vicinity ~ 0.02 mpc (~ 30 Ry) ? ?
Total < 10419 < 1041
Observed 1040.92:&:0.03 1042.1:t0.2
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https://www.nature.com/articles/s41550-024-02339-z

The X-ray corona

As neutrino source and y-ray absorber
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m—— [BIS (1 yr) == == HESS /Veritas (50 hr)
COMPTEL (9 yr) — = MAGIC (50 hr)
me Fermi-LAT (10 yr) HAWC (5 yr)
. == ¢cASTROGAM (1 yr) | IceCube v (9 yr)
Assume a p-y standard scenario. ce -+ AMEGO-X (3 yr)

X-ray photons are target for neutrino production:

m,m,,
Ep thr X > EI/ ~ 40 — 400 T@V
) E}/

Maybe the X-ray flux is directly related to the
neutrino flux observed on Earth.

103 10° 107

TeV vy rays need UV/optical photons to start Energy [MeV]

cascading until they reach MeV energies. | | | |
An incomplete list of theoretical studies:

AM Chiara Bellenghi — TMEX2025 9


https://iopscience.iop.org/article/10.3847/2041-8213/ad192b
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.L101306
https://iopscience.iop.org/article/10.3847/1538-4357/ab2715
https://ui.adsabs.harvard.edu/abs/2020PhRvL.125a1101M/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...941L..17M/abstract
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Population studies and hints of neutrino emission from similar sources
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Non-jetted AGN and the diffuse flux 11.I'I1 |

Potential contribution from the entire population
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- Population synthesis from the CXB, NGC1068 v BL Lacs (Yyy = 0.13)

: . Diffuse Astro.
dominated by non-jetted AGN. ffuse Astro. v v XRB + BL Lacs
Stacking - Non-blazars

- Assume NGC1068 X/v ratio as constant. — 1077 - N -
|
ﬁ Assumptions to extract population clé”
behaviors from one source... g 1077 - -
£
- Two populations of sources: — 10711 - -
Sa
« X-ray bright non-blazar AGN at ~1-10 TeV. <
CEQ 10—13 - -
 Blazars @ PeV and beyond. | | | | | | | | |
10 10t 102 103 10¢ 10° 10 10" 10% 109
E, [GeV]
ONTRES . |
V| E_DQA M Chiara Bellenghi  —  TMEX2025 1


https://www.aanda.org/articles/aa/full_html/2024/04/aa50025-24/aa50025-24.html
https://www.aanda.org/articles/aa/full_html/2024/04/aa50025-24/aa50025-24.html

Other IceCube results

Hints to a population of non-jetted AGN

2.90 excess from NGC 4151, X-ray-bright Seyfert

on submitted to ApJ
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_ o —— NGC 1068
_ lceCube Preliminary — NGC 4151
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: - == 6 year cascade data
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on submitted to ApJ
*  model expectation e analysis result
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60 = ___ = e e
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50 - ® o ®
® NGC 6240 NCC 4388
®
10 > 4 I #* ' . !
O o '. @?ﬁ_n_,ﬁ\ f f . if.. 2 .f g\( -_:ﬁ " fﬁ.
0.0 0.2 0.4 0.0 0.8 1.0

SFB 1258

Dark Matter
Messengers

2.70 excess from a list of soft X-ray AGN

sin(Dec)
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https://arxiv.org/abs/2406.07601
https://arxiv.org/abs/2406.06684

Searching for neutrino sources with IceCube

.I.M Chiara Bellenghi — TMEX2025
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The IceCube Neutrino Observatory -

A km3 of antarctic ice at a depth of ~1.5 km.

. 86 strings instrumented with 5160 optical
modules.

- Detects the Cherenkov light emitted by
secondary charged particles produced in
neutrino interactions with the ice nuclei.

- Reconstruct the parent neutrino properties
from the deposited light pattern: direction and
energy.

- Energies from ~100 GeV to several PeV.

.I.M Chiara Bellenghi — TMEX2025
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50m 324 optical sensors

lceCube Array

86 strings including 8 DeepCore strings
5160 optical sensors

1450 m

DeepCore

8 strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower

324 m

/' Source: https://icecube.wisc.edu/gallery/
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Statistical method

Maximum likelihood ratios
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Dec. [deg]
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Spatial clustering of events above the backgrouna
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Energy weight to help

Reconstructed .
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More sources like NGC 10687 TLI11 |

New test on ~50% more data * 13 years of track-like events (angular resolution
<1°at E > 1TeV) from the northern sky.

Neutrinos
Dark Matter
Messengers

: : . * 12 years of full detector configuration with
- New selection of candidate sources triggered by: Y J

~99% detector uptime + 1 year of data taken
with 79 strings.

« observation of neutrinos from NGC 1068,

. its X-ray brightness. * ~1M events between 100 GeV and ~6 PeV.

- Selected the 47 brightest Seyfert galaxies in 20-50 keV from the BASS catalog (Swift/BAT mission).

- Effectively retains nearby, non-blazar AGN with an especially bright corona.
- Tested for neutrino emission singularly and as a collection of objects.

Re-test of NGC 1068 as well.

.I.M Chiara Bellenghi — TMEX2025 17



Declination

NGC 1068 — Re-measurement

Still the most significant extragalactic source

- Look for neutrino sources from
a pre-defined list of objects.

- Selected 110 gamma-ray
emitters.

Tt
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NGC 1068 — Re-measurement . . &

Jers

Still the most significant extragalactic source

. Look for neutrino sources from NGC 1068

a pre-defined list of objects.

- Selected 110 gamma-ray
emitters.

-----------

Credit: NASA

Declination

- Most significant emission at 4ao.

- 0.04° away from the hottest spot
(previously 0.11° but same within stats).

18
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NGC 1068 — Re-measurement

—2 X Alog A
PRL 2020
0 5 1.0 1,5 Science 2022
— . . . — _ I %  This work
- Flux compatible with previous . .
measurements within 1o (stat.) 5L
— 6 -
. .- C/”>
- The energy spectrum shifts to B 4 o
lower energies. Close to the lower S - 2 -
energy boundary of the sample. At . . . | lcebube preliminas
—1@5 2.9 3.0 3.5 4.0 275 3.00 3.25 3.50 3.75 4.00
— 13-yr (This work) Spectral Index ~ Spectral Index ~
@ — 9-yr (Science '22)
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ﬁ 11
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@ Source ¢2 v, Best-Fit

o NGC 1068 NGC 7469 NGC4151
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Cumnmulative excess

from X-ray-bright AGN

Binomial test: what's the backgrounc

Plocal

Pbinom

orobability of
observing k sources out of N with a local
significance above a certain threshold?

/ /L

® === n Max deviation

NGC 1068 (excluded) 7/

== = Bkg Expectation
Y ODbservation

lceCube preliminary

Chiara Bellenghi  —

11 22 33 47

N Sources

TMEX2025

igroup of sources so far.
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Back to the population

And our simplified assumptions

v XRB + BL Lacs I 1 NGC 7469
Diffuse Astro. v NGC 4151
NGC 1068 I CGCG 420-015

109 10t 102 103 104 10° 10% 10" 10® 107
E, [GeV]

.I.M Chiara Bellenghi — TMEX2025
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non-blazar AGN and

Neutrinos
Dark Matter
Messengers

- NGC7469 already challenges our

nat X-ray-bright

olazars are well

separated in the energy spectrum.

+ The X/v ratios not constant.
$ anchoring the population to

NGC1068's ratio oversimplifies reality.

- Update to the paper as soon as the
ceCube paper is published — WIP.
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Conclusion: a paradigm shift

From gamma rays to X-rays as neutrino tracers in AGN

Neutrinos
Dark Matter
Messengers

- Neutrinos from the blazar TXS 0506+056 —> y-rays and neutrinos correlated in observations.
- Neutrinos from NGC 1068 —> y-ray-obscured AGN that is X-ray bright.

- Additional excesses from X-ray-bright, non-blazar, AGN.

- Recently, binomial evidence at 3.3 from a population of hard X-ray AGN.

- Recent studies challenge the neutrino—y-ray correlation for blazars, speculating that neutrinos are
oroduced in the AGN core, while gamma-rays come from the jet (https://arxiv.ora/abs/2411.14598).

- A planetary neutrino monitoring system with IceCube, KM3NeT, P-ONE, GVD, Trident, ... will provide
the additional sensitivity we need to confirm or discard the evidence provided by IceCube.
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