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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby

active galaxy NGC 1068

IceCube Collaboration*t
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What can neutrinos tell us?

New information, complementary to all forms of light

Point back to their source B Unvei] hidden ph’enor’ngna'
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Neutrino image of the Sun e Supernova: .

Credit: Superk Credit: NASA Hubble
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IceCube Neutrino Observatory

Seven seasons of construction at
South Pole (2003 to 2011)

Dedicated team and collaboration-
wide effort critical to success
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more than 350 scientists from 58 institut




What have we learned from IceCube?
The Universe glows brightly in high-energy neutrinos

10~ =
] IceCube cascades (PRL 2020) ¢ Diffuse y (Fermi LAT)
s IceCube tracks (arxiv 2021) $ Cosmic rays (Auger) i
. 10~ 3 € IceCube cascades (PRL 2020)  Cosmic rays (TA) 3
. " ] ' IceCube Glashow (Nature 2021) [
S £ ] I
s $ 20 ® c 10°° 3 -
- 'y - 3 -
B ‘: s & g = 8 %@ o
P o!.g' N -4 ] %%@@® b
2s § BIREIRE ; ¢ 1077 o -+
2 B ISR SRRt & < ] & st :
& ' &R & > ] &b +
- S | B I S Sl @ e
Ed R JIRE & -
IS E B JBEre = 1078 4 I .
S S ESRE "8 o ;
: S E§ S°SF °§ = : i iy
” - : ! : ! 7 _‘_
g H * W 10-° - i
o s jv:v=1:1 i
1 all flavours
1072¢ 3 3

10° 101 101! 1022 103 10 103 10® 107 10!® 101° 1020 102
E [eV]

Neutrino energy density matches gamma rays and cosmic rays.
Neutrinos in all directions (isotropic). What is producing them?



Prior IceCube results:
time-integrated neutrino source search
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Prior IceCube results:
searching for statistical evidence of clustering
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Most significant position on sky: consistent with
NGC 1068 (Me55|er 77), a Seyfert|l galaxy (2 9 a)
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Declination
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The new IceCube neutrino map
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Identified ‘hot’ spot

475 OMd02 x02°

..............

+50°

+2

Declination

1 3 5! 7

—log g (Plocal)

At the brightest location in full sky scan:
Mean astrophysical neutrino events = 81
Mean spectral index = 3.2

* 219,07 n ale ega, o R ens oo o nb ordeosacsdsd—eo opna e = ole Si®

......

..............

1

N
[deg

Declination

| |
=)

|
o

_ 10glO (plocal)
i 3 5) 7

\

40.69°

Grid 0.0R0.03°

1 1 1 1 I 1

43 42 41 40 39 38
Right Ascension [deg]
15



Declination

Is the ‘hot’ spot in coincidence with an object?
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Hottest spot coincides with NGC 1068
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Hottest spot coincides with NGC 1068
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Evidence for neutrino emission from NGC 1068
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NGC 1068: a non-jetted AGN
with an obscured black hole

Credit: NASA/JPL-Caltech
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~ NGC1068 and the obscured core - = -
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How are neutrinos produced in non-jetted AGNs?

We conclude that active galactic nuclei are powerful sources for

accelerating particles to cosmic ray energies. The bulk of meta-
galactic cosmic rays is likely to orij

particular, jr s—Virgo supercluster R. Silberberg and M. M. Shapiro
NGC 4151 and NGC 1068)are likely to b

"local" metagalz C cosmic rays, inc. Laboratory for Cosmic Ray Physics
the ultra-high energy (E » 1017 evV) a: ahval, nescarch Labovabory
density of photons in the immediate v; Washington, D.C. 20375 1982

be too high (Blumenthal, 1970) to permit the acceleration of
protons beyond ~ 10t eV, (except by beaming processes). The
highest energy protons hence are accelerated somewhat farther out,
or else by beaming (Lovelace, 1976). Gamma rays from the
ergosphere of a black hole are degraded at energies above ~ 1 MeV,
and from a spinar, above ~ 1 GeV. Neutrinos are not thus affected
and would provide information on very high energy particles in
active galactic nuclei.

November 3, 2022 Elisa Resconi | IceCube Collaboration 23



NGC 1068: a cosmic obscured accelerator
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" Improving searches for
astrophysmal neutrlno sources

Credit: Martin Wolf. lceCube/NSF
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Detecting neutrinos with IceCube
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An improved track dataset

data: May 2011 to May 2020
~99% detector uptime

~670,000 neutrinos selected (99.7% purity)
out of ~1 trillion events recorded

multiple improvements
detector calibration, data filtering and processing
applied to entire dataset (all ~1 trillion events)

=> lceCube Pass 2 data

previously

new anawsi:oos 201_20182020 9 3 4 5 6 7
10g10(Eu/GeV)
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Events

Searching for neutrino sources
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vast majority of the neutrinos are
background in searches for
extragalactic neutrino sources

28



Searching for neutrino sources

distribution
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Analysis improvement - “Pointing with neutrinos
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better modeling of directional distributions of individual neutrinos (at TeV energies)
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Analysis improvement - “Energy measurement”
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energy reconstruction
machine learning provides more accurate and more precise energy estimates

especially at TeV-energies
November 3, 2022 Hans Niederhausen | IceCube Collaboration 3



relative probability [a.u.]

Analysis improvements - Performance

simulated 80 neutrinos from NGC 1068 many times
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Declination [deg]
=

NGC 1068 is consistent with location of

strongest clustering of neutrinos in the sky
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... global significance 4.20 108 - [ computer experiments
o i) . simulated experiments (trials)
| assuming no signal
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using 500x10® computer experiments assuming no signal
and accounting for catalog size (110 candidate sources) yields p~1.1x10
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Distribution of neutrino events around NGC 1068
matches our model predictions
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Improvements made new results possible

1) Improvements in data quality (updated calibrations, uniform processing) “Pass?2”
2) Improved statistical methods and reconstructions
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A History of Neutrino Astronomy

in Antarctica

ICECUBE &8

NEUTRINO OBSERVATORY
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Implications of the NGC 1068 neutrino observation

Active galaxies may contribute to

significant fraction of extragalactic

neutrino flux.

NGC 1068 is opaque to high-
energy gamma-rays

NGC 1068 and TXS 0506+056 are
different.
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[25] IceCube. Apd 928, 50 (2020)
[17] lceCube. PRL. 125, 121104 (2020)
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IceCube is getting better - and we are not finished
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More to IceCube than “adding £ |
more years of data” S
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angular resolution Right Ascension [deg]

The future lceCube-Gen?2 will
have even better sensitivity
than IceCube

NGC 1068
Credit: NASA, ESA & A. van der Hoeven



Many contributions by the entire collaboration

Llr ; : g 25 S 2 e e 3 Zo e B
Last Digital Optical Module deployed Moreno Baricevic and Wenceslas Marie-Sainte 2019 Fall IceCube Collaboration Meeting
December 2010 lceCube's 2022-23 winterovers Chiba, Japan
Credit: Gary Hill lceCube/NSF Credit: Ralf Auer Ilcecube/NSF Credit: lceCube Collaboration

... Improved calibrations, data reprocessing,
operations, and many critical activities

47



F<5] AUSTRALIA
University of Adelaide

] BELGIUM

UCLouvain

Université libre de Bruxelles
Universiteit Gent

Vrije Universiteit Brussel

[EX] cANADA
Queen’s University
University of Alberta~Edmonton

H—= DENMARK
University of Copenhagen

k=l GERMANY

Deutsches Elektronen-Synchrotron

ECAP, Universitat Erlangen-Nirnberg

Humboldt-Universitat zu Berlin

Karlsruhe Institute of Technology

Ruhr-Universitdt Bochum

RWTH Aachen University

Technische Universitat Dortmund

Technische Universitat Miinchen

Universitat Mainz

Universitat Wuppertal

Westfalische Wilhelms-Universitat
Minster

FUNDING AGENCIES

THE ICECUBE COLLABORATION

[ lTALy

University of Padova

KX Jaran

Chiba University

P< | NEW ZEALAND
University of Canterbury

E3A souTH KOREA
SungKyunkwan University

M= sWEDEN
Stockholms universitet
Uppsala universitet

+ | SWITZERLAND
Université de Genéve

=] TaiwaN
Academia Sinica

2= UNITED KINGDOM
University of Oxford

E= UNITED STATES
Clark Atlanta University
Columbia University
Drexel University
Georgia Institute of Technology
Harvard University
Lawrence Berkeley National Lab
Loyola University Chicago
Marquette University
Massachusetts Institute of Technology
Mercer University

Michigan State University
Ohio State University
Pennsylvania State University
South Dakota School of Mines
and Technology
Southern University
and A&M College
Stony Brook University
University of Alabama
University of Alaska Anchorage
University of California, Berkeley
University of California, Irvine
University of Delaware
University of Kansas

Fonds de la Recherche Scientifique (FRS-FNRS)
Fonds Wetenschappelijk Onderzoek-Vlaanderen
(FWO-Vlaanderen)

Federal Ministry of Education and Research (BMBF) Japan Society for the Promotion of Science (JSPS)
Knut and Alice Wallenberg Foundation
Swedish Polar Research Secretariat

German Research Foundation (DFG)

Deutsches Elektronen-Synchrotron (DESY)

The Swedish Research Council (VR)
University of Wisconsin Alumni Research Foundation (WARF)
US National Science Foundation (NSF)

4 / #
University of Maryland
University of Nevada, Las Vegas
University of Rochester
University of Texas at Arlington
University of Utah
University of Wisconsin-Madison

University of Wisconsin-River Falls
Yale University

ICECUBE

NEUTRIND OBSERVATORY

icecube.wisc.edu

42




Funding Agencies

% Bundesministerium
2> N fir Bildung
und Forschung

ﬁ HELMHOLTZ
| GEMEINSCHAFT
W o Alllanz fur Astrotelichenphysik

LA LIBERTE DE CHERCHER

Tt A2 ST,

\ 4 SWEDISH POLAR Wl 15O O Lo o ustralan Governmen NSERC
D H RjEngRAﬂBPHL EE(&RETAR'AT JM e S I #X% Australian Research Council c n s N G
METERSHARSRAUET

. '
VILLUM FONDEN  CARISBERG FOUNDATION B _. NRF\) ENSNE

FONDS NATIONAL SUISSE

TE PUTEA VRAN(].‘\H/\U
A MARSDEN - DE LA RECHERCHE SCIENTIFIQUE

N\
PSS

November 3, 2022 Ignacio Taboada | IceCube Collaboration 43



neutrlno em|33|on

nearby actlve L

Credit: Martin Wolf lceCube/NSE.

IcECuUBE



