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How are neutrinos produced?

MeV neutrinos from nuclear
processes, (inverse) beta decay

TeV-PeV neutrinos from cosmic-ray
“beam dumps”

| | accelerator

Two ingredients:

 Proton

! acceleration

« Target for
Interaction

proton  Ej

target

\\ heutrinos

proton, 0
electron, v o /0 E,
positron j?

magnetic
fields
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Event Signatures

“shower events: neutrinos “track‘ events: muon neutrinos
interacting inside the detector filtered by the Earth
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total energy measurement t [us] astronomy: angular resolution
to 10%, all flavors, all sky superior (<1.0°)
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Background in Search for Cosmic Neutrinos
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Background in Search for Cosmic Neutrinos

Cosmic
proton

@osmic

Neutrino
Atmosphere

'ﬁ'102 UL B B LR S BN B B B
-y Northern sky Southern sky
o 10
© Rric
1
atmospheric
107 muons
10 S
N
10° : 2
atmospheric
-4 i H
10 neutrinos - Atmospheric
T B Y Y Y IS T P P A B Muon
-1 -0.8-06-04-0.2 0 0.2 04 0.6 0. 1

Cos(8)

RUB



Background in Search for Cosmic Neutrinos

muons detected per year:
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Diffuse Flux discovered!

Number of Events per Bin

RUB

Northern Sky

Muon Energy Proxy / GeV

lceCube Coll. ApJ 928 (2022) 50
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Galactic Contribution

Y. Optical

GeV gamma-ray sky by Fermi-LAT
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Galactic Contribution

GeV gamma-ray sky by Fermi-LAT
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First detection of galactic plane neutrino
flux thanks to gamma-ray template fit,
~10% of diffuse flux
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Only possible after application of

Galactic Contribution ! _ _
machine learning algorithms

GeV gamma-ray sky by Fermi-LAT
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First detection of galactic plane neutrino
flux thanks to gamma-ray template fit,
~10% of diffuse flux
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Search for Extragalactic Sources: Strategies

Northern Sky
106 -
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] i == Conventional Atm. .
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Search for Extragalactic Sources: Strategies
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—log 10 (plocal)

Extragalactic Sources: hot spot search

g e gl AR S
S e s B :
= £
g ------ '..® .......................................... ; A
e .5 : TXS 05.06+OSO6 NGC ) |
TR VTR Y, IR Sl il o L 3 A N R e S N Sk ST T W LW ; """"""" R e Ena i A"l 2 TR 41.2 41.0 40.8 40.6 40.4 40.2
24h 12h Oh Right Ascension [deg]
Highti Astension Local p-value: 5x10-8 (5.30)
| _ After trial correction: 2.2x10-2 (20’)
1 5 Challenge: Atmospheric
_logw(pk’cal) background, large trial factor
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—log 10 (plocal)

Extragalactic Sources: hot spot search
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Highti Astension Local p-value: 5x10-8 (5.30)
| _ After trial correction: 2.2x10-2 (20’)
1 5 Solution: Use predefined
_1 oca
Ogm(pl ! source lists to reduce trials
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Search for Extragalactic Sources: Strategies
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Extragalactic Sources

110 sources based on gamma-ray properties and
weighted with neutrino search sensitivity

RU B lceCube Science 378 (2022) Page 20



Extragalactic Sources

110 sources based on gamma-ray properties and
weighted with neutrino search sensitivity

Most significant candidate:

NGC 1068 (M77), 4.20

* Nearby (M=14Mpc) Seyfert 2 galaxy
« AGN and star-forming activity

RUB

Combining gamma-ray source list with neutrino data
allowed neutrino source detection

lceCube Science 378 (2022)
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Extragalactic Sources

110 sources based on gamma-ray properties and
weighted with neutrino search sensitivity

Most significant candidate:

NGC 1068 (M77), 4.20

* Nearby (M=14Mpc) Seyfert 2 galaxy
« AGN and star-forming activity

RUB

Combining gamma-ray source list with neutrino data
allowed neutrino source detection

Lack of gamma rays places neutrino production site in the
heart of the galaxy

lceCube Science 378 (2022)
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Search for Extragalactic Sources: Strategies
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Neutrinos as Triggers
Public alerts since April 2016

» Single high-energy muon track events
(> ~100TeV)

« “Gold” ("Bronze”) alert stream 10/yr
(30/yr), 50% (30%) “signalness”

« Median latency: 30 sec

 Distributed through GCN

/4
Goal: Find electromagnetic lﬁ

counterpart

Astropart. Phys., 92, 30 (2017)
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Garrappa et al. A&A, 687 (2024)
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Events

Gold

Bronze

......

.........

-75° Equatorial Coord

Improved consistency with
offline analysis and improved
angular reconstruction
implemented now

—> areas will be factor of five
smaller on average

https://arxiv.org/pdf/2307.13884
https://arxiv.org/pdf/2307.14069
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https://arxiv.org/pdf/2307.13884

Source Candidates: TXS 0506+056

Fermi-LAT light curve
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Time relative to IceCube-170922A (days)

Coincidence with source location and

gamma-ray flare increases significance to 30

Blazar

Narrow
line
region

// o -

i~
Gas clouds

Dusty torus

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S, INTEGRAL, Kapteyn,

RU B Kanata, Kiso, Liverpool, Subaru, Swift, VERITAS, VLA, Science 2018
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Source Candidates: Tidal Disruption Event AT2019dsg

ZTF

RUB

Swift

UVW2 (193 nm) U (346 nm)
UVM2 (225 nm) I g (464 nm)
UVW1 (260 nm) ¢ r (658 nm) | 0t
‘ &
tt : =
W, : 3
bdt
’0';** *t * *
o
. - 1042
—200 —150 —100 —50 0 50 100

Time since v [d]

R. Stein et al., Nature Astronomy 2021

Chance coincidence:
0.2% to find a TDE that

bright (including trials)

Two more candidates
- 3.7 sigma

S. Reusch et al. PRL 2022, S. Van
Velzen et al. MNRAS 529 (2024)
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IceCube Realtime System

o AY
1Supernova DAQ ’
shokdal mlakadakaaldnoks FESHsSHERGE BHSHEHSHSE FHESHSHBHSE FREHcHcHEREHES 4 ,
ogebcind Gamma-ray Follow-Up (GFU) > . Alert§ coordinate on
! ! public alert systems
Optical Follow-Up (OFU) >
‘ « GCN
pone by €)'\ +SNEWS
_ Wghenergy Startng Events (HESE) Y _
e N i = EEEEEsaEEs S SRECRRE S 6 ) » Collaboration response
SRghrEneroy Muon coordinated by internal
High-Energy Neutrino Cascade> Realtlme OVGrSlght
Committee
Fast Response Analysis ) * Ensure rapid response
Reaction to I T ]
external
triggers Gravitational Wave Follow-up >
lgealnme
versight
2008 2016 2017 2019 2020 W .7y Committee
RU B Credit: Thomas Kintscher & Sarah Mancina Page 29



TeV Neutrinos and Gravitational Waves: BNS merger

GW170817: Search for neutrinos in ANTARES,
Auger and IceCube data in +/-500 sec

. /
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N 11 07/ ——— GW (90% CL)

\\ 1 /fﬂ//z / + NGC 4993
~ ¥ neutrino candidate (IceCube)
\ / 4 / ¢ neutrino candidate (ANTARES)
S P~ . | == me== JceCube horizon

S 7 =7 |= = ANTARES horizon

/ ] Auger FoV (Earth-skimming)
/ ] Auger FoV (down-going)

RUB LIGO, Virgo, Auger, ANTARES, IceCube,ApJ 850 (2017) Page 30



TeV Neutrinos and Gravitational Waves: BNS merger

GW170817: Search for neutrinos in ANTARES,
Auger and IceCube data in +/-500 sec

s GW (90% CL)
+ NGC 4993
¥ neutrino candidate (IceCube)

\ / / ¢ neutrino candidate (ANTARES)
/o~ . _ | =mm=== JceCube horizon

\_/ - M

e 7 — = ANTARES horizon

/ [ ] Auger FoV (Earth-skimming)
/ ] Auger FoV (down-going)

Non-observation is consistent with
off-axis short GRB scenario

RUB
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LIGO, Virgo, Auger, ANTARES, IceCube,ApJ 850 (2017)

M Fang & 5
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TeV Neutrinos and Gravitational Waves: BNS merger

GW170817: Search for neutrinos in ANTARES,
Auger and IceCube data in +/-500 sec

IceCube up-going oA, <
N S g TR A Y o
\ 11 o /—GW (90% CL)
+ NGC 4993

¥ neutrino candidate (IceCube)

\ / [ / ¢ neutrino candidate (ANTARES)
L~ ~< . =|===m===]ceCube horizon

S 7 — — ANTARES horizon

/ [ ] Auger FoV (Earth-skimming)

/ ] Auger FoV (down-going)

Non-observation is consistent with
off-axis short GRB scenario

Neutrino could help to constrain direction and
teach us about the GW source environment

RUB
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LIGO, Virgo, Auger, ANTARES, IceCube,ApJ 850 (2017)
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How are neutrinos produced?

MeV neutrinos from nuclear
processes, (inverse) beta decay

TeV-PeV neutrinos from cosmic-ray
“beam dumps”

| | accelerator

Two ingredients:

 Proton

! acceleration

« Target for
Interaction

proton  Ej

target

\\ heutrinos

proton, 0
electron, v o /0 E,
positron j?

magnetic
fields
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Detectors participating in SNEWS

RUB

lceCube

https://snews2.org/

Super-K

high statistic measurement of
the neutrino lightcurve and
triangulation
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Next Generation at the South Pole — two tier process

1000m

IceCube Upgrade — in progress
* Focus on improved calibration and low energy

neutrino physics .
I ’ - o. O. ;" D
* Test new technologies L Ce'e l
- Deployment in 2025/26 polar season R §
* Ice is stable - reprocess decade+ of neutrinos with o I :
improved analyses and systematics o . s oo 3

R U B https://icecube-gen2.wisc.edu/ lceCube-Gen2 TD Page 35


https://icecube-gen2.wisc.edu/science/publications/TDR/

Next Generation at the South Pole — two tier process

IceCube Upgrade — in progress
« Focus on improved calibration and low energy .

neutrino physics o .0

: Lo - e g P

« Test new technologies y te® ;7
» Deployment in 2025/26 polar season S , j %
 Ice is stable - reprocess decade+ of neutrinos with . ; 1 i

improved analyses and systematics o . s oo 3
IceCube Gen2

« 8-10 x larger optical Cherenkov detector: Neutrino
astronomy and multimessenger astrophysics

« Askaryan radio detector array: Probe neutrinos
beyond EeV energies

« Surface particle detector: CR physics and veto
capabilities

R U B https://icecube-gen2.wisc.edu/ lceCube-Gen2 TD Page 36
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Benefit of Multiple Neutrino Detectors

e TXS 0506+056 B I[ceCube KM3NeT

@ NGC 1068 B P-ONE B Baikal-GVD
-@- Galactic center/plane

RUB e



Summary

RUB
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Stay tuned!

A Y

R TR A ST RN
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Backup

RUB b



IceCube-Gen2 time line

2022 2023 2024 2025 2026 BY.1 RYe2 PY 3 PY 4 RY:5 PY 6 PY./ PY 8 PY9S PY 10

* IceCube Upgrade Rebaseline [ Install 7 Upgrade Strings

Detector P/ A Opttical Moduule Production
Construction N Radio Station Construction
Prepare Drill | | SN | | SN [ 3% bl | N | S8 b
3Strings 4 16 20 21 21 21 14
5 Stations | b (SN b b b > [ SN
6 16 22 23 21 23 14
Radio 20 Stations il [ [N [\, b b b
Installation 50 58 67 67 69 30
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Other neutrino source candidates

Supernova
with choke

nteracting

Gamma-Ray &
" Supernova

Burst (GRB)

CSM

FBOTs

progenitor

Neutron

Guarini+ 2022,
Fang+ 2019

“hidden” sources, best
discovered in the optical

Tidal Disruption \ A 4 vonly
event (TDE) \ \ A/

Active Galactic
Nucleus (AGN) Senno+ 2016; Ando &

Beacom 2005; Razzaque+
2004; Denton & Tamborra

2018

y-ray

blazars
<30%

RUB

Murase+ 2011; Zirakashuvili
& Ptuskin 2016; Pitik+
2022; Sarmah+ 2022

.. Super
*. . massive BH
Page 42



Reject stars, planets,
ZTF Fo||ow-up P|pe||ne artifacts, asteroids

1. high-energy 2. Observe with 3. Follow-up
neutrino alert ZTF with AMPEL

arrives Nordin et al., ASA
I 631, A147 (2019)

Reject
unrelated
‘ transients
(e.g. Type la
Supernovae)

RUB 4. Trigger further follow-up observations
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Galactic Contribution

* KRA? Model ~= KRAJ Best-Fit v Flux
* KRAZ® Model ~— KRA3 Best-Fit v Flux
« ¥ Model e 10 Best-Fit v Flux
- lceCube All-Sky v Flux (22)
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lceCube Science 380 (2023)
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Complete Multi-wavelength data of NGC 1068

B IceCube (this work) {  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)
1079 3 .
.$ °
© .'
=" 10710 - '
g neutrinos Gamma rays
£ 107" 5 4 need to be
> B
S 102 ] i absorbed
g 3
L -13 .
10 f’.“’f
10—14 \ p‘

107 1072 1079 1076 1073
Energy [GeV]

RU B lceCube Science 378 (2022) Page 45



AGN: INSIDE AND OUT

Lack of gamma
rays places

Narrow o s . :
o region . e R neutrino production
S s 5w site in the heart of
Gas clouds '_’ the galaxy
’
Dusty torus Event

Broad ’ ; horizon
line Singularity
region \

Corona
of gas

Accretion
disk

Supermassive
black hole



Supernova Stacking

B 95% contour --}-- SE choked jet —— IIn
m Murase et al. (2011) ITP IceCube diffuse flux —f— SE IIP
T 1In T SE ™ Ap] 809, 2015 best fit
1050 4 1077 -
— T
o 7
3 v v «?
. g
>3 m m iy
w 1049 . ; |m -
L Z E 3
i ¥ 2
] v W
v
1048 T - ————— - . —— ———
20 100 300 1000 103 104 10° 106
Box function AT [d] E [GeV]

Similar searches planned for FBOTs and other source classes.
Input from theory needed

RUB IceCube ApJL 949 (2023) page 47



Optical Counterpart Search with ZTF °

Peak g-band vL, [erg s7!]
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i‘;’ PO Y - N, =24
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206 1% T\ TXS 0506+056
*3 |‘;‘ ; l flare |
f 0.4 1y i
o ] I‘ :
c ] PR 22 I
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—16 —18 —20 —22 —24 —26

Peak Absolute Magnitude (g-band)

RUB

R. Stein, S. Reusch, AF et al. MNRAS 521 (2023)
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Latency to first ZTF observation (hours)

1.0 — GRB
08 — SFR
' —— Blazar
+ 0.6
Q:E
04
0.2
0.0
0 2 4 6 8
Redshift [Z]
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Radio Data reveal long-lasting activity of central engine

Flux [mJy]

RUB

E [10%0 erg]

R [106 cm]

10°

Frequency [GHZ]

(b)

(c)

.. E=2x10% erg/s
2 -
1- . *
‘,‘"
o 1 - 1 1 1 1 1 1
7 :
R=0.12c I
6 -
5 -
4 ‘-"
3 -
‘.‘
2 -
‘.“
1 -
0 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175

Time since discovery [d]

R. Stein et al., Nature Astronomy 2021, see also Y. Cendes et al 2021 ApJ 919 127
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Neutrino Production

Radio

¥

Ambient
matter \\\

Outflow
(wind)
(iii) v

50 Anna Franckowiak

Debris

RUB

Corona

in TDEs

4 Soft X-ray TDEs

(v X-rays
A

Optical/UV

Hayasaki, Nature Astronomy 2021

Different scenarios for
neutrino production

Winter & Lunardini, Nature Astronomy 2021
Liu et al. PRD, 102 (2020) Murase et al.
ApdJ 902 (2020)

B> Optical/UV TDEs
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Two more TDE candidates!

¢ AT2019dsg ¢ AT2019fdr ¢ AT2019aalc
----- IC191001A  ===++ IC200530A  ===== IC191119A

Velzen
Simaen
Reuiﬁ" AT2-01_9;alct:
AT2019fdr 1071 comw(i:;hen
coincident with 3 IC191119A
IC200530A

58500 58600 58700 58800 58900 50000 59100 59200
Date (MJD)

RU B S. Reusch et al. PRL 2022 S. Van Velzen et al. MNRAS 529 (2024)

Sjoert van-« "

First hint of
neutrino
production in
TDEs
- Very efficient
neutrino
production in
TDEs compared
to AGN?
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Comparison of Tywin, Bran & Lancel

RUB

| AT2019dsg

AT2019fdr

- AT2019aalc

TDE yes likely ?
Peak Luminosity 35x 10Mergs™ | 1.4x 107 ergs™! ?
Radio evolving non-evolving detected
uv very bright bright ?
X-ray early, soft spectrum | late, soft spectrum soft spectrum
Dust echo | very strong strong very strong

Neutrino delay

~ 5 months

~ 10 months

~ 5 months

nu production
possible?

yes

yes

S. Van Velzen et al. arXiv:2111.09391

p=2x10"* (3.706)

?
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RUB

. - ANTARES E~? Sensit. ===
10 — ==« ANTARES E3 Sensit.  m—

90% Sensit. E=3

50 Disc. Pot. E=3
90% Sensit. E~2

50 Disc. Pot. E72
90% Upper Limits £~
90% Upper Limits £~

-

~1.0 —0.5 0.0
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—10°

m? st

0107

O, E? [GeV

1070

RUB

KM3NeT sensitivity 4 years

Tl

KM3NeT discovery 4 years

IceCube sensitivity 348+376 days
- — - |ceCube sensitivily 4 years

Antares sensitivity 1339 days

—  KM3NeT preliminary

l 1 1 1 l | | | | | |

-80

60 -40 20 0 20
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TDE AT2019dsg / “Bran Stark” coincident
with 200 TeV Neutrino IC191001A

46

N
(43}

N
o

Jet ceases

log,[L (erg s™)]

43—— ..............................

Neutrinos

42

|||||||||||||||||

Rise due to rising

target X-ray Decreasing production radius

- more compact region,

Decreasing proton , ,
enhancing neutrino flux

injection and target
photon density

RU B Winter & Lunardini, Nature Astronomy 2021 Page 56



Neutrino Astronomy with IceCube Gen2

RUB

Precision measurement of the spectrum

from 10 TeV - 100 PeV
(up to 10 EeV with Gen2 Radio)

10555
- ¢

E20, [GeVcm~2sr1s71]

IceCube-Gen2 (15 years)
IceCube (Ap) 2015)
[ IceCube (tracks only, Ap) 2016)

1.0
~ 0, ALY
f,;’)(‘f)g")'

S

¥ R

104 10° 10° 107 10° 10°

Neutrino energy [GeV]

>1 high-energy neutrino / year
from gamma-ray blazars

side view

s reEOreetilPIBB0Dses

B\ N\
] \ . q 0 —
L0 topview| T T T oseconds 125

IceCube-Gen2 White Paper, astro-ph:2008.04323
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RUB

Radio emission of showers in dense media

What are we looking for?

« Askaryan effect: Charge
accumulation in the shower
front gives rise to a changing
current, which gives rise to radio
emission

 Emission is coherent at
frequencies corresponding to
the size of the shower

* Index of refraction >> 1,
emission strong on the
Cherenkov cone, travel on non-
straight lines with changing n

« Signals contain information in
amplitude, frequency and
polarisation

DESY. Nelles, Neutrino Telescopes, 2021
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0
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2
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Gamma-Ray Bursts (GRBs)

Gamma rays and X-rays tell us where and when to look for neutrinos

Prompt emission of 10-7

> 800 GRBs correlated I
with lceCube data

- no excess found

100

90

80

1075 §

70

Precursor and
afterglow searches in
preparation

10-*

Exclusion CL (%)

ei®y(es) (GeV em=2 s7! srl)

107

101 10° 10° 107
Neutrino break energy &;, (GeV)

GRBs contribute less than 1% to observed diffuse neutrino flux. Potential
large population of nearby low-luminosity GRBs not constrained

RUB IceCube Coll., ApJ 805 (2015), ApJ 824 (2016) Page 59



Radio-loud AGN

Correlation with VLBI-flux-density limited sample of AGN

75°
pec ©°
45°
30°
®
15°
0506+ 056 —=
OO
-15°
12h." . 10h 8h 6h
-30°
-45°
-60°
-75°
0.15 0.2

0.5

*
*
®
2145% 067 —
1741 <038 = 1258 — 055 %
1730~ 130
4h 2h 0h 22h  -20h - . 18h .-+ 16h .- "14h- “12h

RA

1.0 2.0 5.0 10.0 15.0
VLBI flux density, Jy

Correlation of radio-bright AGN with lceCube neutrino alerts at
chance coincidence of 0.2%

RUB Plavin et al., ApJ 894 (2020), Plavin et al. 2020 arXiv:2009.08914
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Radio-loud AGN

Correlation with VLBI-flux-density limited sample of AGN

75°
DEC 60°
45°
*
30° e
A Correlation not confirmed
. 0506 4 056 — 2145+ 067 by Zhou et al. 2021
arXiv:2103.12813
-15° R Ving
12h 10h 8h 6h 4h 2h 0h 22h 20h 18h 16h 14h 12h
-30° RA
-45°
-60°

-75°

0.15 0.2 0.5 1.0 2.0 5.0 10.0 15.0
VLBI flux density, Jy

Correlation of radio-bright AGN with lceCube neutrino alerts at
chance coincidence of 0.2%

RUB Plavin et al., ApJ 894 (2020), Plavin et al. 2020 arXiv:2009.08914 page 61



Are there more Neutrinos from this Source?

1315 above the background of — —1 — 1.
atmospheric neutrinos, 3.50 T\ :

2009 2010 2011 2012 2013 2014 2015 2016 2017

RU B IceCube, Science 361, 2018
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Is there also a Gamma-ray Flare?

1C86b IC86¢

1315 above the background of —1 1.,
atmospheric neutrinos, 3.50 |

:-30

—

&
= 9 )
| F 20
1 ___,J—J_ - 10
0 -W’J}‘_'— -_—— r —
2009 2010 2011 2012 2013 2014 2015 2016 2017
2009-06 2010-11 2012-03 2013-07 2014-12 2016-04 2017-09
3 5 IC-170922A
- Neutrino flare 2014/15
n 3.0; Gamma-ray flare 2017/18
h -+ Fermi-LAT 300 MeV - 1 TeV
£ 2.5
U [ ] L ] -
520 No gamma-ray activity during
o 1.5 2014/15 neutrino flare
—
=< 1.0
5 |
“ 0.5 ;
+ Ty L ¥y
0.0 :

RUB lceCube, Science 361, 2018, Garrappa et al. ApJ 880 2019, Padovani et al. MNRAS 480 2019 Page 63



Modeling of 2014/15 neutrino flare

neutrino luminosity is ~4 times higher than gamma-ray luminosity
-> challenge for models

ueV. meV eV keV MeV GeV TeV PeV

| | 1

— =0 1 1 1 1
T = SED (a) - Thermal (b) = Neutrinos (a)
w0 = == SED (b) = == Thermal (b) = == Neutrinos (b)
T_-10r IceCube 2018
-~
3
11t
() I
. ]
S 1
E -12 + ;
o) 1
W ozl i
E '
8_14 |.' I/l.’ll 1 1 ] 1 \|.’ 1 !
8 10 1Z 14 16 18 20 22 (24 26 28 30 32
logip[frequency| Hz]
Swift-BAT
upper limit Fermi-LAT

see e.g. Rodrigues et al. ApJL 874 2019, A. Reimer et al. ApJ 881 2019,
RU B F. Halzen et al. ApJL 874 2019
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-2

Modeling — leptonic, hadronic A

p-p / p-y interactions

e
@\ ©
5 eV keV MeV GeV TeV PeV @B ¥ eV keV MeV GeV T PeV
synchrotron - SSC Synchrotron Leptonic == Photons
— | \& Hadronic e Muon Nedtrinos
g GeV- )/
& 10t ey & =10
1 ;
g g 3! P Flux corresponding to
(@) o = aCube
QE; ‘Q-) \ >'< % 12 yr
~ TeV-y = °
-1} w -1 | B¢
N% o2 \\ é
W = \
o (=]
= -12t = -12¢
8 8
No neutrinos palr productlon
= - - - - -13.1 : |
3o 15 20 25 30 10 20 25 30
log,o(Frequency/Hertz) log4o(Frequency/Hertz)
RU B Gao et al., Nature Astronomy 2018,
Keivani et al., ApJ, 2018, MAGIC Coll., ApJ, 2018, Cerruti et al. MNRAS 2018, ... Page 65



RUB

WISE W2 &

P200 Ks ¥ P2001J ¢ ZTFr
¢ ZTFg ¢ Swift UVW1 4 Swift UVW2

¢ Swift U 4 Swift UVM2 4 SRG eROSITA

¢ WISE W1 ¥ P200H ZTF i
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Does the population of Seyferts
produce Neutrinos?

RUB



Seyfert Stacking credit: D. Wilkins

g

'

" I:_.i X-ray Emission
Assumption: Neutrino production in disk corona, intrinsic 1 3 5 S rmpnas
X-ray flux (2-10 keV) as proxy for neutrino emission o "

Accretion Disk
(infalling material)

_Ngees

—— Stochastic (High CR pressure) Black Hole

[ceCube 10 yr

1§ Bl Lx = 1043'8erg/s

No significant emission is found in the
stacking search excluding NGC 1068.

Kheirandish+ ApJ 2021

10! 102 10° 10% 10°
E, [GeV]

RUB lceCube arXiv:2406.07601 page 68



Seyfert Catalog Search

No assumption about neutrino emission model

.' | Two more source
candidates at 2.50
and 2.10 level

C6C6 420-015 NGC4151
~130 Mpc ~16 Mpc
~8.3 Log(M/Mo) ~7.6 Log(M/M?)
LogL,>"%V~44 erg/s LogL,>'%¢¥~42 3 erg/s

RUB IceCube arXiv:2406.07601, see also Neronov et al. PRL 132 (2024) 10, 101002 Page 69



Connection of Seyferts and Blazar

neutrino candidates? Intrinsic (unabsorbed) luminosity
104'/_
f 4 NGC 1068
L &  NGC 4151
10%E 4 NGC 3079

TXS 05064056

. . = sk g
Scaling between neutrinos o 10 S
and intrinsic hard X-ray flux < ol X

g , O
for Seyfert and blazar 2 S
. . b 43 //—9' -
neutrino source candidates? 3 10 —a
—/4(_
1042
10‘31()“""'“"‘]4/1 102 '”'1"643' ""1"(')'44' 0B 108 107

LI/+17 (erg S_l)
0.3-100 TeV neutrinos

RUB E. Kun et al. hitps://arxiv.org/abs/2404.06867 page 0



Model of NGC 1068 (M77)

102 ; =
] VLA -,
v ALMA C /
® 4FGL orona
1014 e MAGIC = .
IceCube \
L \
lE 100 | R\ starburst
. : "o i :
5 | = \Rrs
Im ..o ‘ ~ + T \
> .. . o
............ =)
2101 S o~ J 2\ ‘I‘ \
S /A Rnr s
= A’ -~ S :
10_2‘-,’ I‘\\\ \\ LA .'.?{i.

4 I ~ : ..c 4 .... :
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1" ' \\\ \ E % o S O ol .

10_3 > I ! \\' b j :0 ._,.o 'l [Fl ‘ .- \ |
10~ 1° 1012 102 106 10-3 100 103
E [GeV]

RUB

Eichmann et al. ApJ 939 (2022) 43, Inoue et al. ApJL 891 (2020), Fang et al. ApJ 956 (2023), ...

Neutrinos from corona, gammas from starburst

© prim. syn (corona)

' sec. syn (corona)

+ prim. syn (starburst)
' sec. syn (starburst)

prim. IC (corona)

sec. IC (corona)

prim. IC (starburst)

sec. IC (starburst)
non-therm brems (starburst)
pp — y (corona)

pp — y (starburst)

y (corona)

y (starburst)

y (total)

v (corona)

v (total)

photon backar. (corona)
photon backgr. (starburst)
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