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Grand Unified Neutrino Spectrum

Neutrino flux ¢ [V~ 'cm™2s™]

108

10"

RN
o
o)

RN
(@)
o

107°
10712
107"
10724
1 0—30

1 0—36

- I T T I T T T I T T T T T I T T T T T I ]
E CNB Solar (thermal) Solar (nuclear) E
; BBN (n) y __— Reactors E
= BBN (°H) DSNB = ~ E
F - Atmospheric E
- N =
= S .
- ~_IceCube data 3
- . (2017) .
— = g/ 3
— % 3
= Cosmogenic—=_>. 3
il 1 | | | 1 1 | 1 1 | 1 1 | 1 1 | 1 S N
107° 1073 10V 103 10° 10° 102 10" 108

Energy E [eV]



Grand Unified Neutrino Spectrum
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lceCube

« |n-ice neutrino telescope at the South Pole

operating in the TeV - PeV range

« 2 different types of neutrino-nucleus
interactions

charged current: v,+ N - [+ X

neutral current: v, +N -y +X

« QOptical modules measure Cherenkov
radiation emitted by secondary particles
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lceCube

« 2 different types of events:

« Higher sensitivity in the Northern
hemisphere due to atmospheric
muons

lceCu be\j
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Sources of astrophysical neutrinos
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Sources of astrophysical neutrinos
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Sources of astrophysical neutrinos
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Sources of astrophysical neutrinos
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lceCube observations of NGC 1068

Evidence for neutrino emission from the nearhy
active galaxy NGC 1068

IceCube Collaboration*t

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 792
neutrinos at tera—electron volt energies, with a global significance of 4.2¢, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an

order of magnitude higher than the upper limit on emissions of tera—electron volt gamma rays from this source.

Declination

TXS 0506+056

NGC 1068
©
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Abbasi et al. 2022

« distance: d, = 11.1 Mpc

Tikhonov & Galazutdinova 2021

« column density: Ny ~ 10% cm™
Marinucci et al. 2016

¢ X-ray luminosity: L, =4.2x 108 ergs™!

Marinucci et al. 2016

February 2024

Seyfert galaxy with the highest intrinsic
X-ray flux in the Northern hemisphere!

Ricci et al. 2017
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lceCube observations of NGC 1068

I IceCube (this work) t  Electromagnetic observations (26)
Theoretical v model (52,55) -+ 0.1 to 100 GeV gamma-rays (40,41)
Theoretical v model (53) > 200 GeV gamma-rays (42)
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lceCube observations of NGC 1068 & other Seyferts

E2® [TeVom 2 s ']
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Evidence for neutrino emission

from two other Seyfert galaxies:

—% NGC 4151 at 2.90

Goswami et al. 2023

-~  CGCG 420-015 at 2.5¢

Glauch et al. 2023
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The disk-corona model

o v
« Protons are accelerated inside the corona
—3% stochastic acceleration X-rays +
MeV y-rays % \§\

—~J acceleration via magnetic reconnections
« Neutrinos and y-rays are produced in pp
and/or py interactions § %
« y-rays are attenuated in yy interactions with / \
X-rays
—$ should be observable in the MeV range



Murase et al. 2020 & 2022

Resulting neutrino and MeV y-ray spectra depend only on Ly,
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Inoue et al. 2019 & 2020

Model based on radio observations of 10 -
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Eichmann et al. 2022

2-zone model of starburst region + AGN corona
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Other models

&

particle acceleration in ultra-fast outflows

&

interactions of failed winds with the obscuring torus

&

jet interactions with the interstellar medium

« muon pair production in the AGN core

« jets of stellar-mass black holes embedded in the AGN accretion disk



Goals of our project

What are the prospects of observing other individual Seyfert galaxies in the
near future?

How much could the neutrino emission from Seyfert galaxies contribute
to the observed diffuse neutrino flux?

.”._b‘ Look at individual point sources and an entire population of sources



Our spectral model - Ingredients

Assumption: Neutrinos are mainly produced in py interactions of accelerated protons with
coronal X-rays
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Our spectral model - Neutrino spectrum
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Other nearby sources & source population

92 additional nearby sources from the Simulate a population of Seyfert galaxies
BASS catalogue Ricci et al. 2017 using popsynth1 Burgess & Capel 2021

gc NGC 1068

= 1010 10-9 ~ 19 million sourcesuptoz = 5

Fint[ergcm2571]

lhttps://github.com/grburgess/popsynth

L, xLy and E = 50TeV = const

‘P, max
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Neutrino events in 10 years of IceCube

For all sources: calculate the expected number of neutrino events using icecube_tools!

—3p use A g from the 10-year IceCube data set of track-like events

(’)o NGC 1068 60° 1"200

<103 | - '1'0I_2 1071 1

number of neutrino events per pixel



Diffuse neutrino flux

E2® [GeV cm 251 sr_l]
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total
source population

nearby sources

IceCube diffuse
(Aartsen et al. 2022)

Seyfert galaxies could be
responsible for ~ 15 % of the
total diffuse neutrino flux at
TeV energies!
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Detectability of individual sources

—4% NGC 1068 is the brightest source:

p =8 x 107 (3.70) after 10 years of
IceCube

-3 All other nearby sources are unlikely
to be observed, neither by IceCube
nor by IceCube-Gen2

—p  Stacking analysis: 30 after 14 years
of IceCube-Gen2

observation time [yr]

________________________________________________________________________________________________________________________________________________________________ 30
________________________________________________________________________________________________________________________________________________________________ 5a.
IceCube
lceCube-Gen?2
5 10 15 20 25 30



Neutrinos from pp interactions

Calculate the neutrino spectrum from pp interactions using aafragpy
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pp interactions seem to be the dominant neutrino production mechanism!




Ly-dependence of the proton spectrum
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Conclusions

NGC 1068 is by far the brightest neutrino source, all other Seyfert galaxies are expected
to be much fainter.

Seyfert galaxies could contribute significantly to the observed diffuse neutrino flux.

Next steps:

—4% Repeat the calculation using the improved proton spectra

—4% Take into account uncertainties in the cosmological evolution of Seyferts



