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• The Neutrino - Gamma connection

• The MM context of neutrinos

• CTA coordination activities

• A primer on neutrino astronomy
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High-energy Neutrino counterparts
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Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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All messengers are connected and relate back to the same sources: logic behind the multi-messenger astrophysics

p+, He, Fe,…. 
p+,e-

Only charged 
particle are 
accelerated in EM 
fields

π+/- 

π0

γγ
Synchrotron in B-
fields, inverse-
Compton… 
p+, inefficient

Easy detection

MM Astronomy : Directionality information 
preserved, but strong backgrounds.

Interactions with 
matter and 
photon-fields μ+/-  νμ

e+/-   
νe νμ

Difficult detection

Intense radiative losses 
=> hadronic hard X-rays 
or soft-gamma signature

Gamma-rays are the cornerstone of multi-messenger astrophysics

MWL

© adapted from a slide by Johannes Knapp
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  C. Stegmann  |  Gamma ray astronomy  |  18. July 2015  |  Seite 3 

Displaying Cosmic Particle Accelerators 

>  Production 
!  protons: pion-decay: π0 → γγ 
!  electrons: Inverse Compton Scattering: e± γ → e± γ  
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Anatomy of a relativistic astrophysical source

5

© plot by Christian Stegmann, DESY, MG XIV Meeting 2015 (modified)

e

Cosmic 
electron 

accelerators

Synchrotron 
radiation

Inverse Compton 
upscattering

e

CMB, IR, VIS

Radio Infrared Visible light X-rays VHE gamma rays

Gamma Ray Production

Energy flux/Decade 
       E2 F(E)

B

synchrotron inverse Compton

Cosmic  
proton 

accelerators

p

gas

π0
π0 production

 143

e

Cosmic 
electron 

accelerators

Synchrotron 
radiation

Inverse Compton 
upscattering

e

CMB, IR, VIS

Radio Infrared Visible light X-rays VHE gamma rays

Gamma Ray Production

Energy flux/Decade 
       E2 F(E)

B

synchrotron inverse Compton

Cosmic  
proton 

accelerators

p

gas

π0
π0 production

 143

e

Cosmic 
electron 

accelerators

Synchrotron 
radiation

Inverse Compton 
upscattering

e

CMB, IR, VIS

Radio Infrared Visible light X-rays VHE gamma rays

Gamma Ray Production

Energy flux/Decade 
       E2 F(E)

B

synchrotron inverse Compton

Cosmic  
proton 

accelerators

p

gas

π0
π0 production

 143

p
Inefficient

ULISSES BARRES DE ALMEIDA - ICTP-SAIFR - MARCH 2023



6

Towards the 
first MM  
SED
MWL / MM 
spectral energy 
distribution of 
TXS 0506+056 

(IceCube, Fermi-
LAT, MAGIC et al. 
Science 2018)

M. Santander - Neutrinos + CTA - CTAC/CTAO General Meeting, Nov 2022.

Figure 4: Broadband SED for the blazar TXS 0506+056 based on observations obtained
within 14 days of the detection of the IceCube-170922A event by the following instruments:
VLA (35), OVRO (36), Kanata/HONIR (50), Kiso/KWFC (40), SARA/UA (51), ASAS-
SN (52), Swift UVOT and XRT (53), NuSTAR (54), INTEGRAL (55), AGILE (56), Fermi-
LAT (22), MAGIC (27), VERITAS (57), H.E.S.S. (58) and HAWC (59). Specific observa-
tion dates and times are provided in the Supplementary material. Differential flux upper limits
(shown as colored bands and indicated as “UL” in the legend) are quoted at the 95% C.L. while
markers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder4 (60), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (17) and from
an analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for
absorption due to the EBL. The electromagnetic SED displays a “double-bump” feature, one
peaking in the optical-UV range and the second one in the GeV range in this case, which is
characteristic of the non-thermal emission from blazars. Note that even within this 14-day pe-
riod, there is variability observed in several of the energy bands shown (see Figure 3) and the
data are not all obtained simultaneously. Representative neutrino flux upper limits that produce
on average one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5
years (dashed black line) are shown assuming a spectrum of dN/dE / E�2.

13

The EM side

26

X-rays

MeV - GeV

VHE
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ASTRO 2020 - High-energy Cosmic Neutrinos - Science White Paper

Neutrino limit A - π-
production in CR 
interactions suggest 
potential links between 
neutrino and TeV-PeV 
gamma-ray sources. V 

Neutrino limit B - If 
neutrino fluxes are related 
to UHECR, UHE neutrino 
limits could be higher, from 
large “cosmic-ray reservoirs" 

Cosmogenic neutrinos - 
Attenuation of CRs by the 
CMB (GZK cut-off) supress 
CRs above EeV and if 
detected would impose 
important constraints on 
UHECR physics.

Connecting the puzzleHigh-energy Neutrino counterparts

35

illustration adapted from arXiv:1903.04504
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S. Dimitrakoudis (University of Alberta, Canada), Z. Gan (CCA, USA), D. Giannios (Purdue University,
USA), D. H. Hartmann (Clemson University, USA), T. P. Krichbaum (MPIfR, Germany), A. P. Marscher
(Boston University, USA), A. Mastichiadis (University of Athens, Greece), K. Nalewajko (Nicolaus
Copernicus Astronomical Center, Poland), R. Ojha (UMBC/NASA GSFC, USA), D. Paneque (MPP,
Germany), C. Shrader (NASA GSFC, USA), L. Sironi (Columbia University, USA), A. Tchekhovskoy
(Northwestern University, USA), D. J. Thompson (NASA GSFC, USA), N. Vlahakis (University of
Athens, Greece), T. M. Venters (NASA GSFC, USA)

Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].

1

ar
X

iv
:1

90
3.

04
50

4v
1 

 [a
st

ro
-p

h.
H

E]
  1

1 
M

ar
 2

01
9

ULISSES BARRES DE ALMEIDA - ICTP-SAIFR - MARCH 2023

https://www.researchgate.net/figure/The-flux-ph-of-neutrinos-per-flavor-9-10-red-and-magenta-data-compared-to-the_fig2_331674464


Astroparticle Physics

8

meV … eV … keV … MeV … GeV … TeV … PeV … EeV … ZeV
Radio to sub-m

m

IR to UV

X-rays
Gamma-rays

Astrophysical neutrinos

UHE cosmic-rays

Astronomy with photons

Neutrino signals

Cosmic particle spectra

1 particle per m2 sec

Ankle
1 particle per km2 yr

Knee
1 particle per m2 yr
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Energy (eV)LHC LHCTevatron
coll.

1 particle per
km2 century

c

ν
CRs

steeply falling spectra,
low fluxes at high energies

require huge detectors

γ
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Neutrinos : probe of deeper horizon, denser 
environments

9

page 9 

The Universe is opaque to photons for ¼ of the spectrum 
 
 
  

The energy frontier 

 12

 extragalactic gamma-rays  and EBL 

γγ <>"e+e<"as"a"major"gamma"ray"absorp5on"mechanism"""
CMB photo-pion 

GZK cut-off

Photon-photon 
pair production
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A primer on 
neutrino 
astronomy

10

10
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Cosmic Messenger Connection

Observational evidence:

IceCube-170922A & TXS 0506+056

The MM context of neutrinos

11

Neutrinos interact via weak interaction (rare, hard to detect). The basic 
reactions are:

n —> p+ + e– + νe  typically in nuclear reactors where neutron-rich fragments 
from Uranium fission stabilize by neutron decay  

p+ —> n + e+ + νe   typically for Solar Neutrinos where 4 protons fuse to 
produce 4He (2p, 2n), i.e. 2 p converted into 2 n

p+ + e– —> n + νe   typically in Supernovae, where protons and electrons fuse 
to produce neutrons.

High-energy Neutrino counterparts

35

illustration adapted from arXiv:1903.04504
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Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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But VHE (IceCube) neutrinos (also the case of accelerator neutrinos) originate in decay process from mesons 
produced in hadronic interactions:

π+ —> μ+ + νμ   or  π- —> μ- + νμ   from pion decay. 

μ+ —> e– + νμ + νe   or  μ- —> e– + νe + νμ   from muon decay. 
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Astrophysics with TeV neutrinos

12

 neutrino telescopes 

effective area: 0.3m2  at 1 TeV 
                         10m2  at 10 TeV 

km3 volume detector 

=> several events from a �1Crab� source per 1year 

compare  with detection areas of gamma-ray detectors: 
Fermi - 1m2  but at GeV energies,  ground-based   >104m2 at same energies  

9"

The technique is based on the use of km3 volumes of 
water or ice to detect neutrino interaction signals 

Effective area : despite gigantic volumes of detectors, 
effective areas are low due to difficulty of detection 
(between 10-100 m2 in the range 10-100 TeV) 

Cf. Gamma-ray detectors : In space (Fermi-LAT) effective 
areas are relatively low, 1 m2 @ 100 GeV, but fluxes are 
high; whereas in ground-based observatories effective 
areas reach 105 m2 in the TeV range (and compensate for 
the lower fluxes). 

In principle, efective areas are sufficient to detect several 
events from a “1 Crab” TeV source, if emission is 
hadronic… (but beware of heavily absorbed sources, e.g. in 
binaries where intrinsic luminosities could be up to 100x 
brighter).

High-energy Neutrino counterparts
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Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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km3 detectors
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High-energy Neutrino counterparts
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illustration adapted from arXiv:1903.04504
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Antares & KM3Net: in the Mediterranean Sea (1999 - ) 
Amanda & IceCube: in the South Pole (1995 - ) 

                          2010 - 1 km3! Currently in activity 

IceCube at the South Pole
1 km3

                               5200 sensors,   
~2 km deep in ice

Neutrinos go through  
the earth.
(E ≈ 1011–1015 eV)

Large, natural volumes
become part of the detectors:

atmosphere, 
ice shields, 
oceans,  
...

 281

1 km3 5200 sensors, ~2 km deep in the ice 
Astrophysical VHE neutrinos are detected after 
traversing the Earth (E ≈ 1011–1015 eV) 

How to distinguish signal astrophysical / background 
shower atmospheric neutrinos? Down vs. up-going 

At energies  > 1015 eV  astrophysical  neutrinos 
dominate the flux…

optical module

PMT
(Light sensors)

digital
electronics

86 strings of 60 opt. modules each
 283

80 lines 
60 optical modules / each

Ahlers, Halzen 2018
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The next Generation

14

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

UPCOMING NEUTRINO TELESCOPES

13

IceCube Gen2
‣ 6.2-9.5 km3 volume. >5x  

improvement in sensitivity over 
IceCube. 

‣ ~0.2° angular resolution. 

‣ Deployment to start in mid-late 
2020s.

Baikal-GVD
‣ Target km3-scale detector 

(104 sensors). 

KM3NeT
‣ Target km3-scale detector (~4k 

sensors in ARCA). Next 5 years. 
‣ 0.1° angular resolution

P-ONE 
South China Sea Telescope

Baikal GVD 
Km3-detector with 10,000 sensors.
In construction, Siberia, Lake Baikal

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

UPCOMING NEUTRINO TELESCOPES

13

IceCube Gen2
‣ 6.2-9.5 km3 volume. >5x  

improvement in sensitivity over 
IceCube. 

‣ ~0.2° angular resolution. 

‣ Deployment to start in mid-late 
2020s.

Baikal-GVD
‣ Target km3-scale detector 

(104 sensors). 

KM3NeT
‣ Target km3-scale detector (~4k 

sensors in ARCA). Next 5 years. 
‣ 0.1° angular resolution

P-ONE 
South China Sea Telescope

Km3Net 
km3-detector with 4,000 sensors  
0.1º angular resolution (better than ice)

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

UPCOMING NEUTRINO TELESCOPES

13

IceCube Gen2
‣ 6.2-9.5 km3 volume. >5x  

improvement in sensitivity over 
IceCube. 

‣ ~0.2° angular resolution. 

‣ Deployment to start in mid-late 
2020s.

Baikal-GVD
‣ Target km3-scale detector 

(104 sensors). 

KM3NeT
‣ Target km3-scale detector (~4k 

sensors in ARCA). Next 5 years. 
‣ 0.1° angular resolution

P-ONE 
South China Sea Telescope

Approaching 10 km3 in volume  
=>  5x sensitivity improvement
0.2º angular resolution
Deployment ongoing

IceCube GEN-2
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Future global network of neutrino observatories
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M. Santander - Neutrinos + CTA - CTAC/CTAO General Meeting, Nov 2022.

!3

Current status of neutrino astronomy 

First evidence for a neutrino source from the position of TXS
            threshold for further neutrino sources might be reached

IceCube is most sensitive around the horizon, but might miss 
similar sources elsewhere

IceCube 7year PS arXiv:1609.04981  ~30% sky coverage

�TXS
0 = 8 · 10�13TeV cm�2s�1

<latexit sha1_base64="9rHOd5Jj9SUyaQ6RcQ7+qi4vSsA=">AAACGnicbZDLSsNAFIYn9VbrLerSzWAR3FiSVrAboejGZcXeoIlhMpm0QycXZiZCCXkON76KGxeKuBM3vo2TNgtt/WHgn++cw8z53ZhRIQ3jWyutrK6tb5Q3K1vbO7t7+v5BT0QJx6SLIxbxgYsEYTQkXUklI4OYExS4jPTdyXVe7z8QLmgUduQ0JnaARiH1KUZSIUc3rXhMHeM+7QzuMngJmxb2IglNRc7MRgY7pAdxoC71DIqcZY5eNWrGTHDZmIWpgkJtR/+0vAgnAQklZkiIoWnE0k4RlxQzklWsRJAY4QkakaGyIQqIsNPZahk8UcSDfsTVCSWc0d8TKQqEmAau6gyQHIvFWg7/qw0T6TftlIZxIkmI5w/5CYMygnlO0KOcYMmmyiDMqforxGPEEZYqzYoKwVxcedn06jWzUavfnldbV0UcZXAEjsEpMMEFaIEb0AZdgMEjeAav4E170l60d+1j3lrSiplD8Efa1w//iZ5Y</latexit>

arXiv:1807.08816 , arXiv:1807.08794

A global neutrino telescope network

24

M. Huber

• IceCube is most sensitive near the celestial equator. 

• A source similar to TXS 0506+056 may be missed if elsewhere in the sky. 

• A network of neutrino telescopes is desirable to cover the entire sky with similar sensitivity.

~30% sky coverage from IceCube

IceCube-Gen2

IceCube-Gen2 arXiv/2008.04323
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Future global network of neutrino observatories

16

M. Santander - Neutrinos + CTA - CTAC/CTAO General Meeting, Nov 2022.

!13

: Simplified Combined field of view

A global neutrino telescope network

25

M. Huber

• An improvement of ~25x in sensitivity could be accomplished by this network (wrt current IceCube). 

• Prompt, well-reconstructed alerts from this network would enable sensitive EM follow-ups.

!15

Relative Improvement to IceCube Sensitivity

IceCube P-One

+ + +

GVD KM3NeT

up to a factor 
of ~25

Sensitive to spectral index
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Detection Principle

17

10 TeV

signature of   νµ 

       6 PeV

Neutrino signatures

Muon-tracks
    good pointing (<1 degree)
    large event rates due to long muon tracks

Neutrinos create charged particles 
which in turn produce Cherenkov light.

!285

Neutrinos create charged particles in interactions, 
which then produce the Cherenkov radiation 
detected. 

Muon-tracks 
better type of event for astronomy, with good 
localization (< 1º) 
most common type of event, thanks to the long 
trajectories which cross the detector. 

signature of ντ

ντ

ντ+N→τ+...

τ± (300 m track!)

τ→ ντ+hadrons

signature of νe

Multi-PeV375 TeV

Neutrino signatures
Particle cascades 
    νe , ντ 

    good energy resolution,
    little background

!286

10 TeV

signature of   νµ 

       6 PeV

Neutrino signatures

Muon-tracks
    good pointing (<1 degree)
    large event rates due to long muon tracks

Neutrinos create charged particles 
which in turn produce Cherenkov light.

!285

signature of ντ

ντ

ντ+N→τ+...

τ± (300 m track!)

τ→ ντ+hadrons

signature of νe

Multi-PeV375 TeV

Neutrino signatures
Particle cascades 
    νe , ντ 

    good energy resolution,
    little background

!286

Cascade events 
results from electron and tau neutrino interactions
Event has poor localization but good energy resolution and lower 
background
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M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

Comparative point-source sensitivities 

17

Disclaimer: All curves are quite outdated!

1% Crab

10% Crab

100% Crab

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

Comparative point-source sensitivities 
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Disclaimer: All curves are quite outdated!
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10% Crab
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Phenomenology  : Neutrinos
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In 2017, first evidence (tentative) of a correlated photon-ν emission from a blazar: TXS 
0506+056 (IceCube Coll. Science 2018) 

month-long gamma-ray high-state with 2 UHE neutrinos in coincidence at 3σ level 
3.5σ neutrino high-state in 2014-2015, with no electromagnetic counterparts
TXS 0506+056 is a blazar sequence outlier (Padovani+2019) 

High-energy Neutrino counterparts

35

illustration adapted from arXiv:1903.04504

Relativistic astrophysical sources are natural cosmic-ray accelerators and 
therefore expected to be multi-messenger sources

Ulisses Barres | Gamma-rays at VHEs | Texas Symposium 2019
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Multi-Physics of AGN Jets in the
Multi-Messenger Era
Thematic Areas: !" Multi-Messenger Astronomy and Astrophysics
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Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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28 high-energy νs
Clear evidence for 
astrophysical origin

(>5σ)

Nov 2013
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In 2013, IceCube detected the first set of 28 excess high-energy 
neutrinos of clear astrophysical (non-atmospheric) origin.

E ≥ 1015 eV54 events observed,
20±6 expected from atmosphere  

now: ~7 σ evidence for 
extra-terrestrial ν

Spectrum
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Spectrum
54 observed events, 
20 ± 6 expected atmospheric 
background 
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The neutrino sky
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High-energy Neutrino counterparts

35

illustration adapted from arXiv:1903.04504

Relativistic astrophysical sources are natural cosmic-ray accelerators and 
therefore expected to be multi-messenger sources
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Multi-Physics of AGN Jets in the
Multi-Messenger Era
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(Northwestern University, USA), D. J. Thompson (NASA GSFC, USA), N. Vlahakis (University of
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Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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Arrival directions of most energetic neutrino events

North

Galactic Plane
180o

-90o

-180o

Earth
absorption

South

TXS 0506+056

Figure 1: Arrival directions of neutrino events from IceCube. Shown are upgoing track events [8,9]
(j), the high-energy starting events (HESE) (tracks i and cascades h) [6, 7, 10], and additional
track events published as public alerts (j) [23, 24]. The blue-shaded region indicates where the
Earth absorption of 100-TeV neutrinos becomes important. The dashed line indicates the equatorial
plane. We also indicate the location of the blazar TXS 0506+056 (î).

The current lack of established neutrino point sources — despite a firm detection of a diffuse
neutrino flux — indicates a population of weak extragalactic sources. This is illustrated in Fig. 2,
which shows a parametrization of the diffuse flux (magenta bands) in terms of the local density
and luminosity of steady source populations [17] (left plot) or local density rate and bolometric
energy for transient source populations [27] (right plot). The lack of neutrino sources after ten
years of observations by IceCube translates into the dark-blue shaded exclusion regions. Source
populations with sufficiently large local densities — like starburst galaxies [29–38], galaxy clus-
ters and groups [31, 39–41], low-luminosity AGN [42], radio-quiet AGN [43–45], or star-forming
galaxies with AGN outflows [34, 46–49] — or with high local rate densities — like (extragalac-
tic) jet-powered SNe including hypernovae [50–53] and interaction-powered SNe [54, 55] — are
presently consistent with the observations. Observatories with improvements in point-source sen-
sitivity over current detectors would greatly expand the discovery potential for the brightest sources
of these candidate populations (see Fig. 2) and other candidate sources like TXS 0506+056.

Current measurements of the isotropic neutrino flux (f ) are shown in Fig. 3, along with the
observed isotropic g-ray background (IGB) and the UHE cosmic-ray flux. The correspondence
among the energy densities, proportional to E2f , observed in neutrinos, g-rays, and cosmic rays
suggests a strong multi-messenger relationship that offer intriguing prospects for deeper observa-
tions with a new generation of instruments.

A) The simultaneous production of neutral and charged pions in cosmic-ray interactions sug-
gests that the sources of high-energy neutrinos could also be strong 10 TeV –10 PeV g-ray emitters.
For extragalactic scenarios, this g-ray emission is not directly observable because of the strong ab-
sorption of photons by e+e� pair production in extragalactic background photons. High-energy
g-rays initiate electromagnetic cascades of repeated inverse-Compton scattering and pair produc-
tion that eventually contribute to the diffuse g-rays below 100 GeV, which provides a theoretical
upper limit to the diffuse neutrino flux [56,57]. The detected flux of > 100 TeV neutrinos with the
hadronuclear origin is saturated by the diffuse g-ray data [31] (see blue lines in Fig. 3). Intrigu-

2

ASTRO 2020 - High-energy Cosmic Neutrinos - Science White Paper

No evidence of clustering in high-energy 
neutrino direction, pointing towards an 
extragalactic origin (mostly) 

km3-class detectors could in principle 
detect neutrino fluxes from TeV sources 
with flux superior to 1 Crab (2x10-11 /cm2.s) 
- Crab Nebula, Vela X, + a couple of 
Supernovae… 

Blazars have been considered the 
potential sources if their gamma-ray flux 
is from hadronic origin, and potentially 
attenuated by absorption (intrinsic flux >> 
observed flux)

ULISSES BARRES DE ALMEIDA - ICTP-SAIFR - MARCH 2023

https://www.researchgate.net/figure/The-flux-ph-of-neutrinos-per-flavor-9-10-red-and-magenta-data-compared-to-the_fig2_331674464


Overview of 
current status

21
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High-energy Astrophysical neutrinos
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IceCube measured the 10 TeV - 10 PeV 
astrophysical neutrino flux

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.
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Figure 4: Summary of diffuse neutrino observations (per flavor) by IceCube. The black and gray data show

IceCube’s measurement of the atmospheric ⌫e+ ⌫̄e [23, 24] and ⌫µ+ ⌫̄µ [25] spectra. The magenta line and magenta-

shaded area indicate the best-fit and 1� uncertainty range of a power-law fit to the six-year HESE data. Note

that the HESE analysis vetoes atmospheric neutrinos and can probe astrophysical neutrinos below the atmospheric

neutrino flux, as indicated in the plot (cf. Fig. 6). The corresponding fit to the eight-year ⌫µ+ ⌫̄µ analysis is shown

in red.

the deposited energy from the observed light pool is, however, relatively straightforward, and a

resolution of better than 15 % is possible; the same value holds for the reconstruction of the energy

deposited by a muon track inside the detector.

2. Status Of the Observations of Cosmic Neutrinos

For neutrino astronomy, the first challenge is to select a pure sample of neutrinos, roughly

100,000 per year above a threshold of 0.1 TeV for IceCube, in a background of ten billion cosmic-

ray muons (see Fig. 1), while the second is to identify the small fraction of these neutrinos that is

astrophysical in origin, roughly at the level of tens of events per year. Atmospheric neutrinos are

an overwhelming background for cosmic neutrinos, at least at neutrino energies below ⇠ 300TeV.

Above this energy, the atmospheric neutrino flux reduces to less than one event per year, even in

a kilometer-scale detector, and thus events in that energy range are cosmic in origin.

9

High-energy astrophysical neutrinos

• Astrophysical neutrino flux detected by the 
IceCube neutrino observatory in the 10 TeV - 10 
PeV energy range. 

• Atmospheric origin excluded at >8σ. 

• Flux > 200 TeV consistent with a power-law spectrum 
with index ~ 2.2-2.8. 

• Approaches for neutrino source searches: 

• Correlations with individual neutrino events (> 150 TeV) 

• Self-clustering at low energies (~ 1-10 TeV). 

• High astrophysical purity channels (cascade events).

2

(Ahlers & Halzen 2018)

Astrophysical 
nu spectrum

Atmospheric origin excluded > 8sigma 

Flux > 200 TeV follows a power law of index 2.2 - 2.8

Searches for astrophysical origin
Astrophysical correlations with individual sub-PeV 
events 

Astrophysical ID of lower-energy neutrino clusters 

*Preferential use of cascade events 

ULISSES BARRES DE ALMEIDA - ICTP-SAIFR - MARCH 2023



23

High-energy Astrophysical neutrinos

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.
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Arrival directions of most energetic neutrino events
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.

5

Origin of the high-energy astrophysical flux 

• Extragalactic origin favored by quasi-isotropic distribution of the astrophysical flux.  

• AGN connection strengthened by the coincidence of a high-energy neutrino event 
(IceCube-170922A) and the blazar TXS 0506+056. VHE gamma detections.

3

arXiv/2008.04323 z = 0.3365 ± 0.0010

The near-isotropic neutrino distribution favors an extragalactic origin

ULISSES BARRES DE ALMEIDA - ICTP-SAIFR - MARCH 2023
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2LAC-blazar contribution to TeV-PeV neutrinos 5

All 2LAC Blazars

Figure 1. Distribution of sources in the sky for the largest and smallest sample of blazars (in equatorial Mollweide projection) — (left)
The largest sample, all 2LAC blazars (862 sources) — (right) The smallest sample, LSP-BLLacs (68 sources). The excluded region of the
catalogue (|b|  10�) is highlighted in red.

Figure 2. Visualization of the source overlap between the di↵er-
ent blazar populations.

to neutrino sources in this region by at least 1 order of
magnitude for spectra softer than E�2. Only for harder
spectra, the southern sky has a significant contribution to
the overall sensitivity. The northern sky does not require
such an energy cut, as upgoing tracks can only originate
from neutrino interactions, which have a much lower inci-
dence rate. However, at very high energies (again around
100TeV), the Earth absorbs a substantial fraction of neu-
trinos, reducing also the expected astrophysical signal.
Charged-current ⌫µ-interactions can happen far outside
the instrumented volume and still be detected, as high-
energy muons may travel several kilometers through the
glacial ice before entering the detector. This e↵ect in-
creases the e↵ective detection area for certain arrival di-
rections, mostly around the horizon.
The most sensitive region is therefore around the ce-

lestial equator, which does not require a high energy cut,
provides ample target material surrounding the detec-
tor, i.e. a large e↵ective area, and does not su↵er from
absorption of neutrinos above 100 TeV. However, these
zenith-dependent sensitivity changes are mostly impor-
tant for the interpretation of the results (see e.g. section
5.3). The likelihood approach takes these di↵erences into
account with the ”acceptance” term in eq. (6), section
4.1, and a separation into several zenith-dependent anal-
yses is not necessary. For more details on the properties
of the datasets and the zenith-dependent sensitivity be-
haviour, we refer to Aartsen et al. (2013b) and Aartsen

et al. (2014b).

4. ANALYSIS

4.1. The likelihood function for unbinned ML stacking

The analysis is performed via an extended unbinned
maximum likelihood fit (Barlow 1990). The likelihood
function consists of two PDFs, one PDF B(x) for a back-
ground hypothesis and one PDF S(x) for a signal hy-
pothesis. Requiring the total number of observed events
to be the sum of the signal and background events, the
log-likelihood function can be written as

ln(L){ns,�SI} =
NX

i=1

ln
⇣ns

N
· S(�i, RAi,�i, "i;�SI)

+
⇣
1� ns

N

⌘
·B(sin(�i), "i)

⌘
,

(1)

where i indexes individual neutrino events. The likeli-
hood function depends on two free parameters: the nor-
malization factor ns and spectral index �SI of the total
blazar signal. For computational reasons we assume that
each source of a given population shares the same spec-
tral index. The background evaluation for each event
depends on the reconstructed declination �i and the re-
constructed muon energy "i. The signal part addition-
ally depends on the reconstructed right ascension RAi,
the angular error estimator �i and the power-law spectral
index �SI.
The background PDF is constructed from binning the

recorded data in reconstructed declination and energy.
It is evaluated as

B(sin(�i), "i) =
1

2⇡
· f(sin(�i), "i), (2)

where 1
2⇡ arises from integration over the right ascension

and f is the normalized joint probability distribution of
the events in declination sin(�) and energy ".
The signal PDF that describes a given blazar popula-

tion is a superposition of the individual PDFs for each
source,

S(�i,RAi,�i, "i;�SI)

=

PNsrc

j=1 wj · Sj(�i,RAi,�i, "i;�SI)
PNsrc

j=1 wj

,
(3)

where wj is a weight determining the relative normaliza-

Neutrinos from GEV gamma-ray blazars

• Gamma-ray-emitting blazars are not the dominant source class for VHE neutrinos.
• Stacked search for neutrino emission from blazars in Fermi AGN catalogs. 

• No neutrino emission detected. Upper limits at the level of 6-27% of all-sky flux. 

4

IceCube 
arXiv/1710.01179 
arXiv/1611.03874IceCube

2LAC-blazar contribution to TeV-PeV neutrinos 9

Spectrum: �0 · (E/GeV)�1.5

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.6⇥ 10�12 4.6 (3.8� 5.3)⇥ 10�12

FSRQs 0.8⇥ 10�12 2.1 (1.0� 3.1)⇥ 10�12

LSPs 1.0⇥ 10�12 1.9 (1.2� 2.6)⇥ 10�12

ISPs/HSPs 1.8⇥ 10�12 2.6 (2.0� 3.2)⇥ 10�12

LSP-BLLacs 1.1⇥ 10�12 1.4 (0.5� 2.3)⇥ 10�12

Spectrum: �0 · (E/GeV)�2.0

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 1.5⇥ 10�9 4.7 (3.9� 5.4)⇥ 10�9

FSRQs 0.9⇥ 10�9 1.7 (0.8� 2.6)⇥ 10�9

LSPs 0.9⇥ 10�9 2.2 (1.4� 3.0)⇥ 10�9

ISPs/HSPs 1.3⇥ 10�9 2.5 (1.9� 3.1)⇥ 10�9

LSP-BLLacs 1.2⇥ 10�9 1.5 (0.5� 2.4)⇥ 10�9

Spectrum: �0 · (E/GeV)�2.7

Blazar Class
�0

90%[GeV�1cm�2s�1sr�1]
�-weighting equal weighting

All 2LAC Blazars 2.5⇥ 10�6 8.3 (7.0� 9.7)⇥ 10�6

FSRQs 1.7⇥ 10�6 3.3 (1.6� 5.1)⇥ 10�6

LSPs 1.6⇥ 10�6 3.8 (2.4� 5.2)⇥ 10�6

ISPs/HSPs 1.6⇥ 10�6 4.6 (3.5� 5.6)⇥ 10�6

LSP-BLLacs 2.2⇥ 10�6 2.8 (1.0� 4.6)⇥ 10�6

Table 3
90% C.L. upper limits on the di↵use (⌫µ + ⌫µ)-flux from the

di↵erent blazar populations tested. The table contains results for
power-law spectra with spectral indices �1.5, �2.0, and �2.7.
The equal-weighting column shows the median flux upper limit

and the 90% central interval of di↵erent sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values

include systematic uncertainties.

Figure 4. Di↵erential 90% C.L. upper limit on the (⌫µ+⌫µ)-flux
using equal weighting for all 2LAC blazars. The ±1� and ±2�
null expectation is shown in green and yellow, respectively. The
upper limit and expected regions correspond to the median SCD
sampling outcome.

a factor of about 2, than the median outcome in the en-
ergy range between 5 TeV and 10 TeV where the largest
excess is observed. This is the average behavior for a soft
flux with spectral index of about �3.0 65, if one assumes
a simple power-law fit to explain the data. While such a
physical interpretation can not be made yet, it will be in-

65 This can be read o↵ in figure 8. The ratio function indicates in
which energy range a given flux function appears first, on average.
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Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in
comparison to the observed astrophysical di↵use neutrino flux. The
latest combined di↵use neutrino flux results from Aartsen et al.
(2015b) are plotted as the best-fit power-law with spectral index
�2.5 , and as a di↵erential flux unfolding using 68% central and
90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power-law with spectral index �2.5
(blue). Percentages denote the fraction of the upper limit compared
to the astrophysical best fit value. The equal-weighting upper limit
for a flux with a harder spectral index of �2.2 is shown in green.

teresting to observe this excess with future IceCube data.
For information on the di↵erential upper limits from the
other samples the reader is referred to appendix D.

5.4. The maximal contribution to the di↵use

astrophysical flux

The astrophysical neutrino flux is observed between
10 TeV and 2 PeV (Aartsen et al. 2015b). Its spectrum
has been found to be compatible with a single power-law
and a spectral index of �2.5 over most of this energy
range. Accordingly, we use a power-law with the same
spectral index and a minimum neutrino energy of 10 TeV
for the signal injected into the simulated skymaps when
calculating the upper limit for a direct comparison. Fig-
ure 5 shows the flux upper limit for an E�2.5 power-law
spectrum starting at 10 TeV for both weighting schemes
in comparison to the most recent global fit of the astro-
physical di↵use neutrino flux, assuming an equal compo-
sition of flavors arriving at Earth.
The equal-weighting upper limit results in a maximally

19%-27% contribution of the total 2LAC blazar sample
to the observed best fit value of the astrophysical neu-
trino flux, including systematic uncertainties. This limit
is independent of the detailed correlation between the
�-ray and neutrino flux from these sources. The only as-
sumption is that the respective neutrino and �-ray SCDs
have similar shapes (see section 5.2 for details on signal
injection). We use the Fermi-LAT blazar SCD as pub-
lished in Abdo et al. (2010c) as a template for sampling.
However, we find that even if the shape of the SCD dif-
fers from this template, the upper limit still holds and
is robust. In appendix A we discuss the e↵ect of di↵er-
ent SCD shapes and discuss how the combination with
existing point source constraints (Aartsen et al. 2015c)
leads to a nearly SCD-independent result, since a point
source analysis and a stacking search with equal weights
e↵ectively trace opposite parts of the available parameter
space for the dN/dS distribution.
In case we assume a proportionality between the �-ray

and neutrino luminosities of the sources, the �-weighting

The population of LAT GeV-emitting blazars is not the astrophysical 
counterpart, as derived from limits from stacked signal estimations.
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.

Search for point sources in 10 years of IceCube data 

• 1.13 x 106 candidate neutrino events. Livetime of 3575 days.  

• Multiple analyses divided north/south: all-sky search, list of 110 gamma-ray-selected 
candidate sources, population study (binomial test). 
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125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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TABLE II: Summary of final p-values (pre-trial and
post-trial) for each point-like source search implemented

in this paper.

Analysis Category Pre-trial signifi-
cance (plocal)

Post-trial
significance

All-Sky North 3.5⇥ 10�7 9.9⇥ 10�2

Scan South 4.3⇥ 10�6 0.75
Source List North 1.8⇥ 10�5 2.0⇥ 10�3 (2.9�)

South 5.9⇥ 10�2 0.55
Catalog North 3.3⇥10�5 4.8⇥ 10�4 (3.3�)
Population South 0.12 0.36
Stacking SNR – 0.11
Search PWN – 1.0

UNID – 0.4

the post-trial p-value from this search must take into ac-
count a trial factor for the di↵erent tested values of k.

The most significant pbkg from the Northern catalog
population analysis is 3.3 ⇥ 10-5 (4.0�) which is found
when k = 4 (See Fig.8). The four most significant sources
which contribute to this excess are those with p-value
< 0.01 as described above. When accounting for the fact
that di↵erent signal population sizes are tested, the post-
trial p-value is 4.8 ⇥ 10-4 (3.3�). Since evidence has al-
ready been presented for TXS 0506+056 to be a neutrino
source [8], an a posteriori search is conducted removing
this source from the catalog. The resulting most signifi-
cant excess is 2.3� post-trial due to the remaining three
most significant sources. For the Southern catalog, the
most significant excess is 0.12, provided by 5 of the 13
sources. The resulting post-trial p-value is 0.36.

Stacked Source Searches In the case of catalogs of
sources that produce similar fluxes, stacking searches re-
quire a lower flux per source for a discovery than consid-
ering each source individually. Three catalogs of Galactic
�-ray sources are stacked in this paper. Sources are se-
lected from VHE �-ray measurements and categorized
into pulsar wind nebulae (PWN), supernova remnants
(SNR) and unidentified objects (UNID), with the aim of
grouping objects likely to have similar properties as neu-
trino emitters. The final groups consist of 33 PWN, 23
SNR, and 58 UNID described in Table IV. A weighting
scheme is adopted to describe the relative contribution
expected from each source in a single catalog based on
the integral of the extrapolated �-ray flux above 10TeV.
All three catalogs find p-values > 0.1.

Conclusion This paper presents an updated event se-
lection optimized for point-like neutrino source signals
applied to 10 years of IceCube data taken from April
2008 to July 2018. Multiple neutrino source searches are
performed: an all-sky scan, a source catalog and corre-
sponding catalog population study for each hemisphere,
and 3 stacked Galactic-source searches.

The results of these analyses, all searching for cumula-

tive neutrino signals integrated over the 10 years of data-
taking, are summarized in Table II. The most significant
source in the Northern catalog, NGC 1068, is inconsis-
tent with a background-only hypothesis at 2.9� due to
being located 0.35� from the most significant excess in
the Northern hemisphere and the Northern source cata-
log provides a 3.3� inconsistency with a background-only
hypothesis for the entire catalog. This result comes from
an excess of significant p-values in the directions of the
Seyfert II galaxy NGC 1068, the blazar TXS 0506+056,
and the BL Lacs PKS 1424+240 and GB6 J1542+6129.
NGC 1068, at a 14.4 Mpc distance, is the most luminous
Seyfert II galaxy detected by Fermi -LAT [31]. NGC 1068
is an observed particle accelerator, charged particles are
accelerated in the jet of the AGN or in the AGN-driven
molecular wind [32], producing �-rays and potentially
neutrinos. Other work has previously indicated NGC
1068 as a potential CR accelerator [25, 33, 34]. Assum-
ing that the observed excess is indeed of astrophysical
origin and connected with NGC 1068, the best-fit neu-
trino spectrum inferred from this work is significantly
higher than that predicted from models developed to
explain the Fermi -LAT gamma-ray measurements (see
Fig. 9). However, the large uncertainty from our spectral
measurement and the high X-ray and �-ray absorption
along the line of sight [35, 36] prevent a straight forward
connection. Time-dependent analyses and the possibil-
ity of correlating with multimessenger observations for
this and other sources may provide additional evidence
of neutrino emission and insights into its origin. Contin-
ued data-taking, more refined event reconstruction, and
the planned upgrade of IceCube promise further improve-
ments in sensitivity [37].

USA – U.S. National Science Foundation-O�ce of Po-
lar Programs, U.S. National Science Foundation-Physics
Division, Wisconsin Alumni Research Foundation, Cen-
ter for High Throughput Computing (CHTC) at the Uni-
versity of Wisconsin-Madison, Open Science Grid (OSG),
Extreme Science and Engineering Discovery Environ-
ment (XSEDE), U.S. Department of Energy-National
Energy Research Scientific Computing Center, Parti-
cle astrophysics research computing center at the Uni-
versity of Maryland, Institute for Cyber-Enabled Re-
search at Michigan State University, and Astroparti-
cle physics computational facility at Marquette Univer-
sity; Belgium – Funds for Scientific Research (FRS-
FNRS and FWO), FWO Odysseus and Big Science pro-
grammes, and Belgian Federal Science Policy O�ce (Bel-
spo); Germany – Bundesministerium für Bildung und
Forschung (BMBF), Deutsche Forschungsgemeinschaft
(DFG), Helmholtz Alliance for Astroparticle Physics
(HAP), Initiative and Networking Fund of the Helmholtz
Association, Deutsches Elektronen Synchrotron (DESY),
and High Performance Computing cluster of the RWTH
Aachen; Sweden – Swedish Research Council, Swedish
Polar Research Secretariat, Swedish National Infrastruc-

Hottest spot (North)

Hottest spot (South)

First 10 years of data, circa 1 million candidate neutrino events, following 
multiple tests: clustering, population cross-matching, stacking analysis.

Brazilian Center for Physics Research (CBPF)
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Hotspot in the Northern sky

Seyfert Galaxy NGC 1068, with heavily obscured nucleus which is Compton thick 
for gamma-ray emission.

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

Excess near NGC 1068

• Highest significance in the northern hemisphere near the location of the Seyfert 2 galaxy NGC 1068 (2.9σ) 
with a heavily-obscured nucleus. Compton-thick environment (1025 cm-2) 

• Soft spectrum for the events in the vicinity of NGC 1068 (  ~ 3.2). High flux compared to EM observations.Γ
6
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

2.9σ excess

14

FIG. 9: The best-fit time-integrated astrophysical power-law neutrino flux obtained using the 10 year IceCube event
selection in the direction of NGC 1068. The shaded regions represent the 1, 2 & 3� error regions on the spectrum as
seen in Fig. 4. This fit is compared to the � and corresponding ⌫ AGN outflow models and the Fermi Pass8 (P8)
results found in Lamastra et al. [41] (which do not include modelled absorption e↵ects [36]). AGN-driven outflow
parameters are set at Rout=100 pc, vout=200 km/s, p = 2, and Lkin=1.5⇥1042 erg/s; violet: LAGN=4.2⇥1044 erg/s,

nH=104 cm�3, Fcal = 1, ⌘p = 0.2, ⌘e = 0.02, BISM = 30µG; magenta: LAGN=2.1⇥1045 erg/s, nH=120 cm�3,
Fcal = 0.5, ⌘p = 0.5, ⌘e = 0.4, BISM = 250µG; pale pink: LAGN=4.2⇥1044 erg/s, nH=104 cm�3, Fcal = 1, ⌘p = 0.3,
⌘e = 0.1, BISM = 600µG. The upper-limits in �-ray observations are taken from from H.E.S.S. (blue) Aharonian

et al. [40] and from MAGIC (black) Acciari et al. [39].
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Excess near NGC 1068

• Highest significance in the northern hemisphere near the location of the Seyfert 2 galaxy NGC 1068 (2.9σ) 
with a heavily-obscured nucleus. Compton-thick environment (1025 cm-2) 

• Soft spectrum for the events in the vicinity of NGC 1068 (  ~ 3.2). High flux compared to EM observations.Γ
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tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.

The most significant point in the Northern hemisphere
is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.

Source Catalog Searches: The motivation of this
search is to improve sensitivity to detect possible neu-
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90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic
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FIG. 9: The best-fit time-integrated astrophysical power-law neutrino flux obtained using the 10 year IceCube event
selection in the direction of NGC 1068. The shaded regions represent the 1, 2 & 3� error regions on the spectrum as
seen in Fig. 4. This fit is compared to the � and corresponding ⌫ AGN outflow models and the Fermi Pass8 (P8)
results found in Lamastra et al. [41] (which do not include modelled absorption e↵ects [36]). AGN-driven outflow
parameters are set at Rout=100 pc, vout=200 km/s, p = 2, and Lkin=1.5⇥1042 erg/s; violet: LAGN=4.2⇥1044 erg/s,

nH=104 cm�3, Fcal = 1, ⌘p = 0.2, ⌘e = 0.02, BISM = 30µG; magenta: LAGN=2.1⇥1045 erg/s, nH=120 cm�3,
Fcal = 0.5, ⌘p = 0.5, ⌘e = 0.4, BISM = 250µG; pale pink: LAGN=4.2⇥1044 erg/s, nH=104 cm�3, Fcal = 1, ⌘p = 0.3,
⌘e = 0.1, BISM = 600µG. The upper-limits in �-ray observations are taken from from H.E.S.S. (blue) Aharonian

et al. [40] and from MAGIC (black) Acciari et al. [39].
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Current hottest spot

Other sources which are dominating correlations are, TXS 0506+056, PKS 
1424+240, GB6 J1542+6129, NGC 1068, with combined 3.3 sigma.

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

Results from updated northern sky analysis
• Hottest source in the catalog is NGC 

1068 (  event excess,  4.2σ after 
trials). Flux of (5.0  1.5) x 10-11 TeV-1 
cm-2 s-1 at 1 TeV with  = 3.2  0.2. 

• Binomical test yields 3.3σ. Main 
contributors: TXS 0506+056, PKS 
1424+240, GB6 J1542+6129, NGC 
1068.  

• Most events around NGC 1068 were 
already in the 10 year analysis, 
improved reconstructions and 
calibrations improved sensitivity.

79+22
−20

±
Γ ±
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.
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(global significance)
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Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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(local significance)
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Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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Results from updated northern sky analysis
• Hottest source in the catalog is NGC 

1068 (  event excess,  4.2σ after 
trials). Flux of (5.0  1.5) x 10-11 TeV-1 
cm-2 s-1 at 1 TeV with  = 3.2  0.2. 

• Binomical test yields 3.3σ. Main 
contributors: TXS 0506+056, PKS 
1424+240, GB6 J1542+6129, NGC 
1068.  

• Most events around NGC 1068 were 
already in the 10 year analysis, 
improved reconstructions and 
calibrations improved sensitivity.
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos
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, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
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(local significance)
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Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos
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posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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NGC 1068 remains standing out as 
hottest source with 4.2 sigma
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FIG. 1: Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in
the coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

ing of several components; radio emission (see Ref. [59]),
infrared emission from a dust torus [60], optical and ul-
traviolet components from an accretion disk [61], and x
rays from a corona [33]. The latter two components are
relevant for this work.

The “blue” bump, which has been seen in many AGN,
is attributed to multitemperature blackbody emission
from a geometrically thin, optically thick disk [62]. The
averaged SEDs are provided in Ref. [63] as a function of
the Eddington ratio, λEdd = Lbol/LEdd, where Lbol and
LEdd ≈ 1.26 × 1045 erg s−1(M/107M") are bolometric
and Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in
a corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX,cut) can also be estimated
from λEdd [31, 64]. Observations have revealed the rela-
tionship between the x-ray luminosity LX and Lbol [65]
[where one typically sees LX ∼ (0.01−0.1)Lbol], by which
the disk-corona SEDs can be modeled as a function of
LX and M . In this work, we consider contributions from
AGN with the typical SMBH mass for a given LX , using
M ≈ 2.0 × 107 M" (LX/1.16 × 1043 erg s−1)0.746 [66].
The resulting disk-corona SED templates in our model
are shown in Fig. 2 (see Supplemental Material for de-
tails), which enables us to quantitatively evaluate CR,
neutrino and cascade gamma-ray emission.

Next we estimate the nucleon density np and coro-
nal magnetic field strength B. Let us consider a corona
with the radius R ≡ RRS and the scale height H , where
R is the normalized coronal radius and RS = 2GM/c2

is the Schwarzschild radius. Then the nucleon den-
sity is expressed by np ≈ τT /(σTH), where τT is the
Thomson optical depth that is typically ∼ 0.1 − 1.
The standard accretion theory [67, 68] gives the coro-
nal scale height H ≈ (Cs/VK)RRS = RRS/

√
3, where
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FIG. 2: Disk-corona SEDs used in this work, for LX = 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See
text for details.

Cs =
√

kBTp/mp = c/
√
6R is the sound velocity, and

VK =
√

GM/R = c/
√
2R is the Keplerian velocity.

For an optically thin corona, the electron temperature
is estimated by Te ≈ εX,cut/(2kB), and τT is empiri-
cally determined from ΓX and kBTe [31]. We expect
that thermal protons are at the virial temperature Tp =
GMmp/(3RRSkB) = mpc2/(6RkB), implying that the
corona may be characterized by two temperatures, i.e.,
Tp > Te [69, 70]. Finally, the magnetic field is given by
B =

√

8πnpkBTp/β with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a
given LX , parameters characterizing the corona (R, β,
α) are remaining. They are also constrained in a cer-
tain range by observations [71, 72] and numerical simu-
lations [45, 47]. For example, recent MHD simulations
show that β in the coronae can be as low as 0.1–10 (e.g.,
Refs. [41, 46]). We assume β <∼ 1− 3 and α = 0.1 for the
viscosity parameter [62], and adopt R = 30.

Stochastic proton acceleration in coronae.—Standard
AGN coronae are magnetized and turbulent, in which it
is natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this
work, we solve the known Fokker-Planck equation that
can describe the second order Fermi acceleration pro-
cess (e.g., Refs. [73–76]). Here we describe key points
in the calculations of CR spectra (see Supplemental Ma-
terial or an accompanying paper [77] for technical de-
tails). The stochastic acceleration time is given by
tacc ≈ η(c/VA)

2(H/c)(εp/eBH)2−q, where VA is the
Alfvén velocity and η is the inverse of the turbulence
strength [78, 79]. We consider q ∼ 3/2 − 5/3, which
is not inconsistent with the recent simulations [58], to-
gether with η ∼ 10. The stochastic acceleration process
is typically slower than the first order Fermi acceleration,
which competes with cooling and escape processes. We

NEUTRINOS from hidden AGN cores?

• CRs are accelerated by plasma turbulence in the corona (e.g. K. Murase et al., Y. Inoue et 
al.) 

• Gamma-rays cascade to the hard X-ray-MeV range, source is opaque at VHE energies.
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4

disk photons are not much relevant for the photome-
son production because its threshold energy is ε̃pγ−th !
3.4 PeV (εdisk/10 eV)−1. Rather, CR protons respon-
sible for the medium-energy neutrinos should efficiently
interact via the Bethe-Heitler process because the char-
acteristic energy is ε̃BH−disk ≈ 0.5mpc2ε̄BH/εdisk !
0.47 PeV (εdisk/10 eV)−1, where ε̄BH ∼ 10(2mec2) ∼
10 MeV [87–89]. With the disk photon density ndisk ∼
Ldisk/(2πR2cεdisk) for τT <∼ 1, the effective Bethe-Heitler
optical depth (with σ̂BH ∼ 0.8× 10−30 cm2) is

fBH ≈ ndiskσ̂BHR(c/Vfall)

∼ 40 Ldisk,45.3α
−1
−1(R/30)−1/2R−1

S,13.5(10 eV/εdisk),(3)

which is much larger than fpγ . The dominance of the
Bethe-Heitler cooling is a direct consequence of the ob-
served disk-corona SEDs. The 10–100 TeV neutrino flux
is suppressed by ∼ fmes/fBH, predicting the tight rela-
tionship with the MeV gamma-ray flux.
Analytically, the medium-energy ENB flux is given by

E2
νΦν ∼ 10−7 GeV cm−2 s−1 sr−1

(

2K

1 +K

)

R−1
p

(

ξz
3

)

×
(

15fmes

1 + fBH + fmes

)(

ξCR,−1LXρX
2× 1046 erg Mpc−3 yr−1

)

.(4)

which is indeed consistent with the numerical results
shown in Fig. S5. Here K = 1 and K = 2 for pγ and
pp interactions, respectively, ξz ∼ 3 due to the redshift
evolution of the AGN luminosity density [105, 106], Rp is
the conversion factor from bolometric to differential lu-
minosities, and ξCR is the CR loading parameter defined
against the x-ray luminosity, where PCR/Pth ∼ 0.01 cor-
responds to ξCR ∼ 0.1 in our model. The ENB and EGB
are dominated by AGN with LX ∼ 1044 erg s−1 [16],
for which the effective local number density is ρX ∼
5× 10−6 Mpc−3 [106].
The pp, pγ and Bethe-Heitler processes all initiate cas-

cades, whose emission appears in the MeV range. Thanks
to the dominance of the Bethe-Heitler process, AGN re-
sponsible for the medium-energy ENB should contribute
a large fraction >∼ 10− 30% of the MeV EGB.
When turbulent acceleration operates, the reacceler-

ation of secondary pairs populated by cascades [107]
can naturally enhance the gamma-ray flux. The criti-
cal energy of the pairs, εe,cl, is determined by the bal-
ance between the acceleration time tacc and the elec-
tron cooling time te−cool (see Supplemental Material and
Refs. [107, 108]). We find that the condition for the reac-
celeration is rather sensitive to B and tacc. For exam-
ple, with β = 3 and q = 1.5, the reaccelerated pairs
can upscatter x-ray photons up to ∼ (εe,cl/mec2)

2
εX !

3.4 MeV (εe,cl/30 MeV)2(εX/1 keV), which may lead
to the MeV gamma-ray tail. This possibility is demon-
strated in Fig. S5, and the effective number fraction of
reaccelerated pairs is constrained as <∼ 0.1%.
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FIG. 4: Point source fluxes of all flavor neutrinos and gamma
rays from a nearby AGN, NGC 1068. The ten-year IceCube
data [109] and the Fermi gamma-ray data [110] are shown.
For eASTROGAM [111] and AMEGO [112] sensitivities, the
observation time of 106 s is assumed. Solid thick (thin) curves
are for η = 10 and PCR/Pth = 0.7% (η = 70 and PCR/Pth =
30%), respectively. For comparison, a neutrino flux in the
starburst scenario of Murase and Waxman [106] is overlaid.

Multimessenger tests.—Our corona model robustly
predicts ∼ 0.1 − 10 MeV gamma-ray emission in ei-
ther a synchrotron or an inverse Compton cascade sce-
nario, without any primary electron acceleration (see
Fig. 4). A large flux of 10–100 TeV neutrinos should
be accompanied by the injection of Bethe-Heitler pairs
in the 100–300 GeV range (see Supplemental Material
for details) and form a fast cooling ε−2

e spectrum down
to MeV energies in the steady state. In the simple in-
verse Compton cascade scenario, the cascade spectrum
is extended up to a break energy at ∼ 1 − 10 MeV,
above which gamma rays are suppressed by γγ → e+e−.
In reality, both synchrotron and inverse Compton pro-
cesses can be important. The characteristic energy of
synchrotron emission from Bethe-Heitler pairs is εBH

syn ∼
1 MeV B2.5(εp/0.5 PeV)2 [89]. Because disk photons lie
in the ∼ 1 − 10 eV range, the Klein-Nishina effect is
important for the Bethe-Heitler pairs. Synchrotron cas-
cades occur if the photon energy density is smaller than

∼ 10B2/(8π), i.e., B >∼ 170 G L1/2
disk,45.3(R/30)−1R−1

S,13.5.

The detectability of nearby Seyferts such as NGC
1068 and ESO 138-G001 is crucial for testing the model.
MeV gamma-ray detection is promising with future tele-
scopes like eASTROGAM [111], GRAMS [113], and
AMEGO [112], e.g., AMEGO’s differential sensitivity
suggests that point sources with LX ∼ 1044 erg s−1 are
detectable up to d ∼ 70− 150 Mpc. At least a few of the
brightest sources will be detected, and detections or non-
detections of the MeV gamma-ray counterparts will sup-
port or falsify our corona model as the origin of ∼ 30 TeV

K. Murase, S. Kimura, P. Meszaros, PRL 125 (2020) 011101

arXiv/1904.04226

Hard X-rays represent a potential counterpart EM signature, as the result of 
cascading gamma-rays that give off hard X-rays by Compton scattering.
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Beware of opaque EM sources!

Isotropic neutrino flux is higher than the Gamma-ray Background, pointing to a 
potential dark EM origin of the neutrino flux 

M. Santander - Neutrinos + CTA - CTAC/CTAO General Meeting, Nov 2022.

Multimessenger interfaces

• The high neutrino flux compared to the low 
IGRB flux already pointed to gamma-ray dark 
sources.
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FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
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FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
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FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-
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Recent all-sky search results

Nearly 1 million events from Northern sky only, and searches of clusters, 
population cross-matching and signal stacking analysis.

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

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 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, 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 ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

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 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, 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 ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions

RESEARCH
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Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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• Only northern sky ( ). Complete detector data period (6.7 x 105 events, 3186 days of 
live-time). Updated angular reconstruction with new calibrations (Pass 2). 

• Three searches: hottest spot in the northern sky, catalog search (110 sources using the same method 
as the 10y), binomial test on catalog.

−3∘ < δ < 81∘
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Time-dependent searches

M. Santander - Neutrinos + CTA - CTAC/CTAO General Meeting, Nov 2022.

Time-dependent emission searches

• No significant temporal/spatial clustering (p-value 
18%) in a five-year all-sky all-sky search (2012-2017). 

• No emission from the June 2015 flare of 3C 279.
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Figure 10. Southern hemisphere: Left: expected background p-value distribution obtained from scrambled data in green
compared to the measured most significant pre-trial p-value (shown as the black vertical dashed line) in the Southern sky.
The inferred post-trial p-value is 24.2%. Right: the time-independent event weights, evaluated for the IC86 II-IV data in the
Southern hemisphere, at a source direction ~xs defined by the hottest spot (RA, Dec) = (89.45�, -35.95�). The best-fit Gaussian
time PDF is shown in black (dashed), with mean T̂0 and sigma �̂0.

most significant value for each hemisphere is circled. The hottest region is found in the Northern hemisphere, like in
the previous analysis period, at coordinates (RA, Dec) = (77.7�, 2.6�). The pre-trial p-value is 1.3 ⇥ 10�6, with the
best-fit number of signal events being n̂s = 25.27 for a flux with spectral index �̂ = 2.55 and the most significant time
clustering centered at T̂0 = 57573.85 MJD, with a Gaussian width �̂0 = 189.6 days. This results in a post-trial p-value
of 18.8%.

Figure 11. IC86 V-VII skymap in equatorial coordinates showing the pre-trial p-value for the best-fit flare hypothesis tested
in each direction of the sky. The strongest time-dependent Gaussian-like signal was found in the Northern sky at (RA, Dec) =
(77.7� , 2.6�), with post-trial significance of 18.8%. The solid black curve indicates the Galactic plane and the hottest spots are
circled in each hemisphere.

The right panel of Fig. 12 (13) shows the time-independent weights in blue, at a source direction ~xs defined by the
hottest spot in the Northern (Southern) hemisphere and the associated best-fit Gaussian in black. The corresponding

R. Abbasi et al. (IceCube) ApJ 911 (2021) 1, 67

arXiv/2012.01079

Search for time-dependent neutrino emission from a source catalog 5

Figure 1. Distribution of the sources in the catalog in equatorial coordinates. They are classified as BL Lacs (BLLs), Flat-
Spectrum Radio Quasars (FSRQs), Active Galactic Nuclei (AGNs), Starburst Galaxies (SBGs), Unidentified Blazars (UNIDBs)
and galactic sources (GALs). The red line divides the Northern hemisphere (up-going region) and the Southern hemisphere
(downgoing region) at declination � = �5�, where the background is substantially different.

with different detector configurations. Since each IceCube sample is independent, the total 10-year likelihood L is
defined as the product of the likelihoods of each single IceCube sample Lj :

L(~ns,~�,~t0,~�T ) =
Y

j=sample

Lj(~ns,j ,~�,~t0,~�T ), (1)

where Lj is defined as

Lj(~ns,j ,~�,~t0,~�T ) =
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For each flare f , the likelihood in Eq. 1 is a function of four parameters described below: the total number of
signal-like events in the flare nf

s , the flare spectral index �f , the flaring time tf0 and the flare duration �f
T . They are

denoted with an arrow in the likelihood arguments to indicate that there are as many sets of these four parameters as
the number of flares. For each flare f , nf

s,j in Eq. 2 denotes the partial contribution of the j-th sample to the total
number of signal-like events in that flare, such that nf

s =
P

j n
f
s,j . Such partial contribution nf

s,j is estimated from the
relative effective area of the IceCube configuration of the j-th sample (determined by Monte Carlo simulations of the
detector and varying with spectral index and declination) and the fraction of time that the f -th flare stretches on the
data-taking period of the j-th sample.

For each IceCube sample j, with Nj total events, the likelihood in Eq. 2 is constructed from a single-flare signal
probability density function (PDF) Sj , weighted by nf

s,j and summed over all flares from a source (multi-flare signal
PDF), and a background PDF Bj . The single-flare signal PDF and the background PDF are the product of a space,
energy and time PDFs, as also described in Aartsen et al. (2015). The spatial signal PDF assumes a cluster of events
distributed according to a 2D Gaussian around the source position xs, with �i being the estimated angular uncertainty
on the xi position of the i-th event. For the signal energy PDF, that depends on the declination �i and the energy
proxy Ei of the events (the energy as measured by IceCube from visible light released in the detector by muon tracks),
an unbroken power law / E��f

is used. The spectral index �f is bound within 1  �f  4 and can be different for each
flare f . The signal time PDF of each flare f is provided by a one-dimensional Gaussian / exp [�(ti � tf0 )

2/(2�f2
T )],

where ti is the time of the i-th event. Its normalization is such that the integral of the time PDF across the up times
of each IceCube sample is 1. The central time of each Gaussian flare tf0 is constrained within the 10-year period of
the analyzed data and the flare duration �f

T cannot exceed an upper limit of 200 days, above which time-integrated
searches are more sensitive than time-dependent ones. For computational efficiency, the signal time PDF of each flare
is truncated at ±4�f

T , where the flare can be considered concluded.
The spatial background PDF is obtained through a data-driven method by scrambling the time of the events and

correcting the right ascension accordingly, assuming fixed local coordinates (azimuth, zenith). It depends only on the
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Figure 1. Distribution of the sources in the catalog in equatorial coordinates. They are classified as BL Lacs (BLLs), Flat-
Spectrum Radio Quasars (FSRQs), Active Galactic Nuclei (AGNs), Starburst Galaxies (SBGs), Unidentified Blazars (UNIDBs)
and galactic sources (GALs). The red line divides the Northern hemisphere (up-going region) and the Southern hemisphere
(downgoing region) at declination � = �5�, where the background is substantially different.

with different detector configurations. Since each IceCube sample is independent, the total 10-year likelihood L is
defined as the product of the likelihoods of each single IceCube sample Lj :

L(~ns,~�,~t0,~�T ) =
Y

j=sample

Lj(~ns,j ,~�,~t0,~�T ), (1)

where Lj is defined as

Lj(~ns,j ,~�,~t0,~�T ) =

NjY

i=1
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For each flare f , the likelihood in Eq. 1 is a function of four parameters described below: the total number of
signal-like events in the flare nf

s , the flare spectral index �f , the flaring time tf0 and the flare duration �f
T . They are

denoted with an arrow in the likelihood arguments to indicate that there are as many sets of these four parameters as
the number of flares. For each flare f , nf

s,j in Eq. 2 denotes the partial contribution of the j-th sample to the total
number of signal-like events in that flare, such that nf

s =
P

j n
f
s,j . Such partial contribution nf

s,j is estimated from the
relative effective area of the IceCube configuration of the j-th sample (determined by Monte Carlo simulations of the
detector and varying with spectral index and declination) and the fraction of time that the f -th flare stretches on the
data-taking period of the j-th sample.

For each IceCube sample j, with Nj total events, the likelihood in Eq. 2 is constructed from a single-flare signal
probability density function (PDF) Sj , weighted by nf

s,j and summed over all flares from a source (multi-flare signal
PDF), and a background PDF Bj . The single-flare signal PDF and the background PDF are the product of a space,
energy and time PDFs, as also described in Aartsen et al. (2015). The spatial signal PDF assumes a cluster of events
distributed according to a 2D Gaussian around the source position xs, with �i being the estimated angular uncertainty
on the xi position of the i-th event. For the signal energy PDF, that depends on the declination �i and the energy
proxy Ei of the events (the energy as measured by IceCube from visible light released in the detector by muon tracks),
an unbroken power law / E��f

is used. The spectral index �f is bound within 1  �f  4 and can be different for each
flare f . The signal time PDF of each flare f is provided by a one-dimensional Gaussian / exp [�(ti � tf0 )

2/(2�f2
T )],

where ti is the time of the i-th event. Its normalization is such that the integral of the time PDF across the up times
of each IceCube sample is 1. The central time of each Gaussian flare tf0 is constrained within the 10-year period of
the analyzed data and the flare duration �f

T cannot exceed an upper limit of 200 days, above which time-integrated
searches are more sensitive than time-dependent ones. For computational efficiency, the signal time PDF of each flare
is truncated at ±4�f

T , where the flare can be considered concluded.
The spatial background PDF is obtained through a data-driven method by scrambling the time of the events and

correcting the right ascension accordingly, assuming fixed local coordinates (azimuth, zenith). It depends only on the
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Figure 8. IC86 II-IV skymap in equatorial coordinates showing the pre-trial p-values for the best-fit flare hypothesis tested in
each direction of the sky. The strongest time-dependent Gaussian-like signal was found in the Northern sky at (RA, Dec) =
(170.4�, 28.0�), with post-trial p-value of 17.7%. The solid black curve indicates the Galactic plane and the hottest spot in each
hemisphere is circled.

When the weights are then plotted on the time axis, they immediately allow to visualize which part of the likelihood
(spatial/energy or time) dominates the significance. The right panels of Fig. 9 and 10 show the time-independent
weights (Eq. 8) at a source direction ~xs defined by the hottest spot in the Northern and Southern hemisphere respec-
tively. The best-fit Gaussian time structure with mean T̂0 and sigma �̂0 is overlaid.
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Figure 9. Northern hemisphere: Left: expected background p-value distribution obtained from scrambled data in green
compared to the measured most significant pre-trial p-value (shown as the black vertical dashed line) in the Northern sky.
The inferred post-trial p-value is 17.7%. Right: the time-independent event weights, evaluated for the IC86 II-IV data in the
Northern hemisphere, at a source direction ~xs defined by the hottest spot (RA, Dec) = (170.4�, 28.0�). The best-fit Gaussian
time PDF is shown in black (dashed), with mean T̂0 and sigma �̂0.

4.1.2. IC86 V-VII analysis

The time period of 2015 to 2017 was treated separately from the previous time period since a di↵erent event
selection was applied. Fig. 11 shows the sky map for the period 2012 to 2015, displaying the pre-trial p-values. The

R. Abbasi et al. (IceCube) ApJL 920 L45 (2021)

arXiv/2109.05818

• Search for multiple “flares” from a catalog of 
sources (mostly AGN). 

• Population study shows a 3σ excess associated with 
four AGN.

Search for time-dependent neutrino emission from a source catalog 7

as post-trial in each hemisphere, together with the corresponding number of sources. The post-trial binomial p-value
is estimated in each hemisphere by producing many background realizations of the catalog, picking up the smallest
binomial p-value in each background realization and counting the fraction of such background binomial p-values that
are smaller than the binomial p-value observed in the data.

4. RESULTS
The point-source search identifies M87 as the most significant source in the Northern hemisphere, with a pre-trial p-

value of ploc = 4.6⇥10�4, which becomes 4.3⇥10�2 (1.7 �) post-trial. In the Southern hemisphere, the most significant
source is PKS 2233-148 with a pre-trial p-value of ploc = 0.092 and post-trial p-value of 0.72. TXS 0506+056 is the
only source of the catalog for which 2 flares are found. The time profiles of the neutrino flares reconstructed by this
analysis at the location of each source, together with their pre-trial significance �f

loc, are visualized in Fig. 2. For
the sake of clarity, the flare significance is denoted as �f

loc while the overall multi-flare significance is referred to as

�loc =
qP

f �
f2
loc. For single-flare sources (all but TXS 0506+056) the flare and multi-flare significances coincide.

Figure 2. Pre-trial flare significance �f
loc for the sources of the catalog. For all sources a single flare has been found, except

for TXS 0506+056 for which 2 flares are found. In this case, the pre-trial significance of each individual flare is calculated as
described in Appendix D. The sources of the catalog with multi-flare pre-trial significance �loc � 2 are labeled with their names.

The cumulative distributions of pre-trial p-values at the location of the sources of the catalog, used as inputs to the
population study, are shown in Fig. 3.

The pre-trial binomial p-value is shown in Fig. 4 as a function of the source index k. The smallest binomial p-value is
selected in each hemisphere and converted into a post-trial binomial p-value as described in Section 3. In the Northern
hemisphere the smallest pre-trial binomial p-value is 7.3⇥ 10�5 (3.8 �) when k = 4 sources are considered (M87, TXS
0506+056, GB6 J1542+6129, NGC 1068), corresponding to a post-trial p-value of 1.6⇥ 10�3 (3.0 �). In the Southern
hemisphere the smallest pre-trial binomial p-value is 0.71, obtained by k = 1 source (PKS 2233-148) and corresponding
to a post-trial p-value of 0.89.

The results of the two searches are summarized in Table 1. Having not found any significant time-dependent excess,
upper limits on the neutrino emission from the sources of the catalog are estimated as discussed in Appendix A, using
Eq. A1 and A2.

No significant spatial-temporal clusters found in 5 year all-sky data (2012-17) 
+ searches from flares from selected source catalogue of AGNs (3σ w/ 4 sources)
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The Gamma-MM 
context of 
neutrinos

32

10

ULISSES BARRES DE ALMEIDA - ICTP-SAIFR - MARCH 2023



High-energy neutrino counterparts
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Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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Relativistic astrophysical 
sources are natural cosmic-ray 
accelerators and therefore 
expected to be multi-
messenger sources

illustration adapted from arXiv:1903.04504
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IceCube 170922A - TXS 0506+056

34

IceCube et al. 2018

The 290 TeV neutrino event detected by IceCube coincided with an increased 
activity of the blazar as recorded by Fermi-LAT and a first follow-up 
detection by MAGIC in the VHEs (3σ association).
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IceCube 170922A - TXS 0506+056
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IceCube et al. 2018

The 290 TeV neutrino event detected by IceCube coincided with an increased 
activity of the blazar as recorded by Fermi-LAT and a first follow-up 
detection by MAGIC in the VHEs (3σ association).

Additionally, search through archival data revealed evidence for 13 +/- 5 
excess events from the direction of TXS during for months in 2014-15, 
without counterpart gamma-ray flare



IceCube 170922A - TXS 0506+056
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IceCube et al. 2018

EXTREME’19 | 23.1.2019                                                                                                                                                         E. RESCONI �21

THE ICECUBE FOLLOWUP: WHAT ABOUT THE GAMMA-RAY?
“Neutrino emission from the direction of the blazar TXS 0506+056 prior to the IceCube-170922A 
alert,” IceCube Collaboration: M.G. Aartsen et al. Science 361, 147-151 (2018). 

ULISSES BARRES DE ALMEIDA - ICTP-SAIFR - MARCH 2023



37
IceCube et al. 2018

IceCube 170922A - TXS 0506+056
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IceCube et al. 2018

IceCube 170922A - TXS 0506+056

EXTREME’19 | 23.1.2019                                                                                                                                                         E. RESCONI

THE PHOTON - NEUTRINO SPECTRAL ENERGY DISTRIBUTION OF TXS 0506+056
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Neutrino alert 179022A Neutrino ‘flare, 2014-2015

P. Padovani, P. Giommi, E.R., T. Glauch, B. Arsioli, N. Sahakyan, M. Huber, “Dissecting the 
region around IceCube-170922A: TXS 0506+056 as the first cosmic neutrino source”, MNRAS 2018

2014-15 ν flare
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Energetics of the SED

• General scenario would be photo-pion production
– For ν ~ 100 ΤeV, need Ep ~ 200E14δ1-1 ΤeV and Eph ~ 1.6E14-1δ1 keV (X-rays)

• But the model fits to SED either overestimate the X-ray photon component (e.g., 
Gao et al. 2018) or predict too high neutrino energies (e.g., Cerruti et al. 2018)

No straightforward theoretical explanation for the photon SED 
- neutrino association.

39

Cerruti et al. 2018 Gao et al. 2018



No straightforward theoretical explanation for the photon SED 
- neutrino association.
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• General scenario would be photo-pion production
– For ν ~ 100 ΤeV, need Ep ~ 200E14δ1-1 ΤeV and Eph ~ 1.6E14-1δ1 keV 

(X-rays)
• But, the model fits to SED either overestimate the X-ray photon 

component (e.g., Gao et al. 2018) or predict too high neutrino 
energies (e.g., Cerruti et al. 2018)

• Detailed analysis by Reimer et al 2019 suggested that the 2014-15 
neutrino flare and the gamma-ray emission from TXS 0506+056 
could not have originated in the same process, from constraints 
derived on the development of photo-hadronic initiated EM cascades.

• More individual source coincidences are necessary to reinforce 
the statistical connection and provide further observational elements 
to guide and constrain theoretical modelling.

Energetics of the SED
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MM view of NGC 1068

Gamma-ray opaque neutrino emitting region is favoured (20x more gamma 
flux expected).  
X-ray bright excess?

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

NGC 1068 as seen by ICECUBE

• Assuming a distance of 14.4 Mpc,  = (2.9±1.1) × 1042 erg/s, about 20x the gamma-ray luminosity in the 0.1-100 GeV range (  
= 1.6 × 1041 erg/s) favoring a gamma-opaque emission region, most likely in the AGN (NGC 1068 also relativistic outflows 
and starburst activity). Excess near X-ray bright NGC 4151. Follow-up analyses in the works (see S. Goswami for IceCube 
arXiv/2107.08366). 

• Too few sources to characterize the source density of neutrino sources. A source within 14.4 Mpc indicates 10-4 Mpc-3. 

Lν Lγ

ρ ≲

12

Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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How can CTA contribute?

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

NGC 1068 as seen by ICECUBE

• Assuming a distance of 14.4 Mpc,  = (2.9±1.1) × 1042 erg/s, about 20x the gamma-ray luminosity in the 0.1-100 GeV range (  
= 1.6 × 1041 erg/s) favoring a gamma-opaque emission region, most likely in the AGN (NGC 1068 also relativistic outflows 
and starburst activity). Excess near X-ray bright NGC 4151. Follow-up analyses in the works (see S. Goswami for IceCube 
arXiv/2107.08366). 

• Too few sources to characterize the source density of neutrino sources. A source within 14.4 Mpc indicates 10-4 Mpc-3. 

Lν Lγ

ρ ≲

12

Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

CTA observations of NGC 1068

14

Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 14, 2022

CTA-N

CTA-S

Alpha configuration  
50h 

Figure 2: Simulated spectra of NGC 1068, color coded as in Fig. 1. See text for details.

Table 2: Array of ctools simulations. W1÷W4= AGN wind models. Jet= AGN jet
model.

Model Site zAngle IRF Expo Bins Energy Number
(deg) (h) (TeV)

W1 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W2 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W3 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W4 S 20 South_z20_average_50h 50h 10 0.1–100 1000

Jet N 20 North_z20_average_50h 50h 5 0.1–3.2 1000
Jet S 20 South_z20_average_50h 50h 5 0.1–3.2 1000

9

See Lamastra et al. (2019) arXiv1904.06918 
For a dedicated NGC 1068 study 
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• Deep CTA observations could characterize the wind/jet contributions of the gamma-ray emission from NGC 1068.   

• Under the hadronic emission assumption, it can also constrain source region opacity/location. 

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

Comparative point-source sensitivities 

17

Disclaimer: All curves are quite outdated!

1% Crab

10% Crab

100% Crab
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How can CTA contribute?

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

NGC 1068 as seen by ICECUBE

• Assuming a distance of 14.4 Mpc,  = (2.9±1.1) × 1042 erg/s, about 20x the gamma-ray luminosity in the 0.1-100 GeV range (  
= 1.6 × 1041 erg/s) favoring a gamma-opaque emission region, most likely in the AGN (NGC 1068 also relativistic outflows 
and starburst activity). Excess near X-ray bright NGC 4151. Follow-up analyses in the works (see S. Goswami for IceCube 
arXiv/2107.08366). 

• Too few sources to characterize the source density of neutrino sources. A source within 14.4 Mpc indicates 10-4 Mpc-3. 

Lν Lγ

ρ ≲

12

Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 14, 2022

Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
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is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
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Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2
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with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
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ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
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are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.

RESEARCH | RESEARCH ARTICLE

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 14, 2022

95% CL

Candidate sources contribute  1% of the diffuse flux ≲

Fermi

MAGIC

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

CTA observations of NGC 1068
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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Figure 2: Simulated spectra of NGC 1068, color coded as in Fig. 1. See text for details.

Table 2: Array of ctools simulations. W1÷W4= AGN wind models. Jet= AGN jet
model.

Model Site zAngle IRF Expo Bins Energy Number
(deg) (h) (TeV)

W1 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W2 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W3 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W4 S 20 South_z20_average_50h 50h 10 0.1–100 1000

Jet N 20 North_z20_average_50h 50h 5 0.1–3.2 1000
Jet S 20 South_z20_average_50h 50h 5 0.1–3.2 1000
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See Lamastra et al. (2019) arXiv1904.06918 
For a dedicated NGC 1068 study 
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• Deep CTA observations could characterize the wind/jet contributions of the gamma-ray emission from NGC 1068.   

• Under the hadronic emission assumption, it can also constrain source region opacity/location. 

M. Santander - Recent IceCube results - CTAC/CTAO General Meeting, Nov 2022.

Comparative point-source sensitivities 
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Disclaimer: All curves are quite outdated!
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The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
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Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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Figure 2: Simulated spectra of NGC 1068, color coded as in Fig. 1. See text for details.

Table 2: Array of ctools simulations. W1÷W4= AGN wind models. Jet= AGN jet
model.

Model Site zAngle IRF Expo Bins Energy Number
(deg) (h) (TeV)

W1 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W2 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W3 S 20 South_z20_average_50h 50h 10 0.1–100 1000

W4 S 20 South_z20_average_50h 50h 10 0.1–100 1000

Jet N 20 North_z20_average_50h 50h 5 0.1–3.2 1000
Jet S 20 South_z20_average_50h 50h 5 0.1–3.2 1000
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See Lamastra et al. (2019) arXiv1904.06918 
For a dedicated NGC 1068 study 
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• Deep CTA observations could characterize the wind/jet contributions of the gamma-ray emission from NGC 1068.   

• Under the hadronic emission assumption, it can also constrain source region opacity/location. 

Lamastra et al. 2019

CTA will have sufficient sensitivity to probe the wind / jet emission of NGC 1068 
Leading to constraints to the source most likely origin of the neutrino flux
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A closer look at the neutrino sky

44

Sky distribution of high-energy IceCube neutrinos 
P. Giommi et al. 2019

An alternative approach is to look for population correlations 
between neutrino events and candidate blazar sources.

Dissecting the regions around IceCube high-energy neutrinos 3

Figure 1. The sky distribution of the sample of IceCube tracks
plotted in equatorial coordinates and Hammer-Aito↵ projection.
Low Galactic latitude events (|b|<10�) are plotted as red sym-
bols. The blue solid filled symbols represent the 70 higher lat-
itudes tracks that have been considered for our statistics. Note
that almost all tracks have declinations |� |  35

�.

the Earth e↵ectively shrinks the field of view to declina-
tions approximately in the range �35

� to +35
�, as shown

in Figure 1. In this work we combine the list of highest-
energy through-going tracks from IceCube’s di↵use astro-
physical muon-neutrino search (DIF), with the selection of
high-energy starting tracks (HES) and the events published
as alerts in the scope of IceCube’s realtime program (AHES,
EHE) (Aartsen et al. 2013, 2015, 2016; IceCube Collab-
oration 2013, 2014, 2015a, 2017a,b; Schneider 2019; Stet-
tner 2019). The abbreviations in parenthesis refer to pre-
vious naming of the events and are given in Tables 1 and
2 for reference. After cutting out events with a poor angu-
lar resolution (> 3

�) or the flag ’bad angular resolution’ in
IceCube Collaboration (2018)4 and removing events close
to the Galactic plane (|b|<10�) the final sample contains
70 events. The angular resolution cut is motivated by the
fact that just by random coincidence we expect to see one
IBL/HBL and one LBL counterpart candidate every ⇠27
square degrees (Fermi-LAT collaboration 2019b), which is
equivalent to a circle of radius 3�. With the cut on the
Galactic latitude we remove all the events for which it is
hard to identify extra-galactic counterparts due to crowd-
ing. Our final list is an updated version of the one used by
Padovani, Turcati & Resconi (2018). The complete sample of
high-energy IceCube neutrino tracks is presented in Tables 1
(used events) and 2 (discarded events) where the respective
neutrino names are given in columns 1 and 2, the MJD of
arrival times is given in column 3, the positions in columns
4 and 5, and the Galactic latitude in column 6.

For a small fraction of events from the high-energy start-
ing event sample (HES) only a fixed median angular resolu-
tion of ⇠ 1.3� is public. For the statistical analysis we treat
them in the same manner as the other (90 per cent) error
ellipses (⌦90), but do not write the error explicitly in Table 1
and Table 2.

4 The complete list is available under https://icecube.wisc.

edu/science/data/TXS0506_alerts

3 SEARCHING FOR �-ray BLAZARS IN
ICECUBE NEUTRINO ERROR REGIONS

3.1 Cross-matching with catalogues of
�-ray sources

Since the production of neutrinos is always accompanied by
high-energy �-rays the obvious choice for looking for possible
matches with IceCube tracks is given by �-ray catalogues,
or specific samples of blazars that are expected to emit in
the �-ray band. We then used the following catalogues: the
Fermi-LAT 3FHL (Ajello et al. 2017), 4LAC (Fermi-LAT
collaboration 2019b), and the multi-wavelength based 3HSP
(Chang et al. 2019). While the first two are catalogues of
�-ray sources, about half of the blazars in the 3HSP cata-
logue have not been detected yet by Fermi-LAT as individ-
ual sources. However, Paliya et al. (2019) have found a very
strong signal (> 32� confidence) in the Fermi-LAT stacking
analysis of the sample of still �-ray undetected 3HSP sources
with ⌫S

peak
> 10

17 Hz.

Based on these catalogues, we perform a statistical anal-
ysis similar to the one originally presented in Padovani et al.
(2016), who found a first hint of correlation between IceCube
neutrinos and extreme blazars at a significance level of ⇠ 1.4
per cent.

We estimate the total number of sources lying inside
⌦90 (Ns) and compare it to the expectation from randomised
samples. The approximately elliptical shape of the contours
is preserved in the test. For each of the catalogues, the
chance probability to observe a certain Ns is calculated us-
ing a set of 10

4 randomised realisations of the catalogues.
To preserve the distribution of the extra-galactic sources and
have a representative set of random cases, a random Galactic
longitude value is assigned to each source. When available
we also follow the classification of sources provided within
the catalogues. We report in Table 3 the results of the tests
performed. We applied a correction for the “look elsewhere
e↵ect” since we perform multiple tests. The corresponding
p-value and its significance in units of � of the Normal dis-
tribution is reported once for each hypothesis, and once for
the complete set of tests.

The results of the statistical tests can be summarised
as follows:

• the smallest p-value of 10
�3 is obtained for the 3HSP

catalogue with 29 sources over an expected background of
⇠ 16 sources. After trial-correction this corresponds to a sig-
nificance of 2.79 � in a one-sided normal distribution;

• no other excess is observed in the other catalogues and
classes of objects.

In Table 4, we report the list of 3HSP objects within ⌦90 (90
per cent error region) without a �-ray counterpart. All the
objects with �-ray detections, also found using the VOU-
Blazars tool, are discussed in Section 3.2 and are listed in
Table 5.

We note that: 1. the 3HSP catalogue includes, by defi-
nition, only HSP and excludes, for example, TXS 0506+056-
like blazars; 2. the 3FHL catalogue has a cut-o↵ at 10GeV,
which implies a reduced sensitivity because of the nar-
rower LAT band; moreover, although we have re-derived all
⌫S
peak

values, ⇠ 7 per cent of the sources are still missing it; 3.

only ⇠ 74 per cent of the 4LAC sources have a value of ⌫S
peak

,
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Figure 2. This figure illustrates the complexity of the multi-frequency sky in fields as large as the uncertainty region of astrophysical
neutrinos. The figure on the left plots the map showing all radio and X-ray sources in the FoV of IceCube-141209A. Radio and X-ray
sources are shown as red filled, and open blue circles circles respectively, with size that is proportional to their flux density. The small
green symbols represents known (mostly radio quiet) AGN in the field. The figure on the right is the map showing blazar candidates in the
field shown on the left. The size of the filled circles is proportional to radio flux density, that of open circles size is proportional to X-ray
flux. Orange: HSP blazar; cyan: ISP blazar; blue: LSP blazar; green: radio quiet AGN; black: unknown type. Purple triangles represent
�-ray sources, while the filled pentagon represents a pulsar. The central elliptical region approximates the ⌦90 of IceCube-141209A.

3.2.2 Expectations from random coincidences

To estimate the expected number of blazars in IceCube
tracks due to random coincidences we have carried out ex-
actly the same procedure described above in a control area
composed of circular regions with 3

� radii each, centred on
the same Right Ascension of each detected neutrino, and
with declination increased or decreased by a fixed amount
of 6

�. To reproduce the same conditions of the statistical
sample, circles that after the shift in declination had a posi-
tion within ten degrees of the Galactic plane were not used.
This procedure led to a control sample covering a total area
of 2,573 square degrees.

The same VOU-Blazars procedure used for the statis-
tical sample, applied to the control sample, led to the de-
tection of 103 �-ray blazars of the LBL type and 103 �-ray
blazars of the IBL/HBL type, leading to an expected aver-
age density that is identical for the two types of blazars of
one object every 27.4 square degrees.

3.2.3 Statistical analysis methods

To evaluate of the compatibility of the observed statistics
with random expectations, as well as a quantitative estima-
tion of the number of blazars that could be associated to
IceCube neutrinos, we have applied two methods: 1) a di-
rect comparison of the observed blazars counting with the
expected number of random coincidences, with the corre-
sponding probability calculated using Poisson statistics; 2)
a likelihood ratio test, as described below. The observables

of the likelihood method include the total number of blazars
and the distribution of observed matches, that is the number
of neutrino regions with zero counterparts (n0), one counter-
part (n1), two counterparts (n2), etc. The final set of observ-
ables can thus be written as ✓ = (n0, n1, n2, n3, n�4). We sum
all the neutrino regions with 4 or more counterparts in one
bin, as they are by construction very rare and do not carry
significant information. The hypotheses tested are defined
as follows:

• Background Hypothesis (H0): each neutrino uncer-
tainty region has an associated number of expected back-
ground sources, which depends on the average source den-
sity as estimated from the control region, and on the size of
the error region.

• Signal Hypothesis (H1): in addition to the back-
ground sources, there is a number of Nsrcs neutrinos with a
signal counterpart.

The test statistic is defined as TS = �2 ⇥ log �, with

� =
LH0

LH1

=
p(n1, n2, n3, n�4 |H0)

maxNsr cs p(n1, n2, n3, n�4 |H1) (1)

and probability density functions (pdfs) p(n1, n2, n3, n�4).
The denominator maximises the signal pdf over the number
of signal sources. Note that the pdfs do not depend any-
more on n0, as it is not a free parameter given the other
observables. The pdfs are generated for the various error re-
gions (⌦90⇥1.0, ⌦90⇥1.1,⌦90⇥1.3,⌦90⇥1.5) and di↵erent signal
strength Nsrcs 2 {0, 1, . . . , 40} using a Monte Carlo simu-
lation based on the sample of 70 neutrinos considered in
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�-ray sources, while the filled pentagon represents a pulsar. The central elliptical region approximates the ⌦90 of IceCube-141209A.

3.2.2 Expectations from random coincidences

To estimate the expected number of blazars in IceCube
tracks due to random coincidences we have carried out ex-
actly the same procedure described above in a control area
composed of circular regions with 3

� radii each, centred on
the same Right Ascension of each detected neutrino, and
with declination increased or decreased by a fixed amount
of 6

�. To reproduce the same conditions of the statistical
sample, circles that after the shift in declination had a posi-
tion within ten degrees of the Galactic plane were not used.
This procedure led to a control sample covering a total area
of 2,573 square degrees.

The same VOU-Blazars procedure used for the statis-
tical sample, applied to the control sample, led to the de-
tection of 103 �-ray blazars of the LBL type and 103 �-ray
blazars of the IBL/HBL type, leading to an expected aver-
age density that is identical for the two types of blazars of
one object every 27.4 square degrees.

3.2.3 Statistical analysis methods

To evaluate of the compatibility of the observed statistics
with random expectations, as well as a quantitative estima-
tion of the number of blazars that could be associated to
IceCube neutrinos, we have applied two methods: 1) a di-
rect comparison of the observed blazars counting with the
expected number of random coincidences, with the corre-
sponding probability calculated using Poisson statistics; 2)
a likelihood ratio test, as described below. The observables

of the likelihood method include the total number of blazars
and the distribution of observed matches, that is the number
of neutrino regions with zero counterparts (n0), one counter-
part (n1), two counterparts (n2), etc. The final set of observ-
ables can thus be written as ✓ = (n0, n1, n2, n3, n�4). We sum
all the neutrino regions with 4 or more counterparts in one
bin, as they are by construction very rare and do not carry
significant information. The hypotheses tested are defined
as follows:

• Background Hypothesis (H0): each neutrino uncer-
tainty region has an associated number of expected back-
ground sources, which depends on the average source den-
sity as estimated from the control region, and on the size of
the error region.

• Signal Hypothesis (H1): in addition to the back-
ground sources, there is a number of Nsrcs neutrinos with a
signal counterpart.

The test statistic is defined as TS = �2 ⇥ log �, with

� =
LH0

LH1

=
p(n1, n2, n3, n�4 |H0)

maxNsr cs p(n1, n2, n3, n�4 |H1) (1)

and probability density functions (pdfs) p(n1, n2, n3, n�4).
The denominator maximises the signal pdf over the number
of signal sources. Note that the pdfs do not depend any-
more on n0, as it is not a free parameter given the other
observables. The pdfs are generated for the various error re-
gions (⌦90⇥1.0, ⌦90⇥1.1,⌦90⇥1.3,⌦90⇥1.5) and di↵erent signal
strength Nsrcs 2 {0, 1, . . . , 40} using a Monte Carlo simu-
lation based on the sample of 70 neutrinos considered in
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Top: Multi-wavelength 
counterpart candidates 
in a sample neutrino 
region. 

Bottom: blazar 
counterparts
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Cross-matching between blazar and neutrino catalogues VO tools, is a promising 
avenue — allows for a selection of best candidate counterparts by providing 
complete SED information on the sources.
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Table 6. Results on the occurrence of �-ray blazars within the 70 IceCube high Galactic latitudes ( |b | > 10
�) neutrino with error radii

 3.0� and comparison with the expectations due to random coincidences as estimated from the control sample.

Area searched �-ray IBL/HBL Expectation Likelihood-test �-ray LBL Expectation Likelihood-test
found in neutrino from control p-value found in neutrino from control p-value

error region sample error region sample
(1) (2) (3) (4) (5) (6) (7)

⌦90 20 11.9 7.4 ⇥ 10
�3 9 11.9 0.43

⌦90⇥1.1 24 14.4 1.4 ⇥ 10
�2 15 14.4 0.44

⌦90⇥1.3 35 20.1 1.9 ⇥ 10
�4 17 20.1 0.48

⌦90⇥1.5 47 26.8 2.0 ⇥ 10
�4 24 26.8 0.33

Post trial p-value: 6.2 ⇥ 10
�4 (3.23 �)

Figure 7. The region around the neutrino triplet event and the SED of the �-ray detected blazar 3HSPJ013632.6390559. The gray
structure inside the red circle (adapted from IceCube Collaboration 2017d) represents the 37 tiling observations that have been performed
by Swift shortly after the detection of the three neutrinos covering the 50 per cent error region centred on the initially published arrival
direction.
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Figure 8. The SED of MG3J225517+2409, the blazar that could
be the counterpart of five ANTARES neutrinos and one IceCube
track event with relatively large positional uncertainty. The shape
of the SED shows that this object is of the ISP type, similar to
TXS 0506+056.

J104516.3+275133 (=1WHSP J104516.2+275133), which,
although not listed in any Fermi -LAT catalogue, has been
reported by the Fermi team as a �-ray detected source in a
telegram (Garrappa, Buson & Venters 2019) that was pub-
lished shortly after the announcement of IceCube-190704A.

This Fermi-LAT detection of a previously unreported �-
ray blazar, following a specific analysis, suggests that other
�-ray emitting blazars not listed in the Fermi 4FGL cata-
logue are likely to be present in the error regions of IceCube
neutrinos. To find how many such sources are present we
plan to carry out a detailed analysis of all neutrino events
using the complete data-set available in the Fermi -LAT
archive. The results will be presented in future publications.

5 DISCUSSION AND CONCLUSIONS

In an e↵ort to strengthen the association between astrophys-
ical neutrinos and blazars using a large statistical sample,
we have compiled a list of 94 high-energy IceCube neutri-
nos that have been published as through-going tracks, high-
energy starting tracks or alerts in the IceCube’s realtime

MNRAS 000, 1–16 (2019)

Left: In this case 
showing the error 
regions and candidate 
counterparts for the 
2016 triplet 1 TeV 
neutrino event (< 100s) 

Right: and the 
corresponding SED for 
one of the 3HSP blazar 
counterpart candidates.
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this work. For each trial in the simulation we first draw a
Poisson number of background sources for every region, be-
fore we, in a second step, randomly distribute Nsrcs signal
sources uniquely over the neutrinos. Using the same trial
generation method also the test-statistic distributions for
the background and signal hypothesis are generated for the
subsequent calculation of p-values and limits.

3.3 Results

The search described in Sec. 3.2.3 lead to the identification
of a total of 72 �-ray detected blazars in spatial coincidence
with at least one error area associated to the IceCube events.
In the largest coverage areas ⌦90⇥1.5, we found 47 �-ray-
detected blazars with SED typical of IBL/HBL sources, one
of the brightest radio galaxy/blazar in the sky (M87) and 24
objects with SEDs typical of LBL blazars. Since the expec-
tations from the control sample for the two types of blazars
(LBLs and IBL/HBL) are identical, the large excess of ⇠ 20
IBL/HBL sources (47�26.8) already points towards an over-
abundance of this type of sources, compared to the random
sky.

The details of the statistics of the search and the com-
parison with the control sample are summarised in Table 6.
The rows show the results for the di↵erent error regions as
given in column 1. Column 2, 3, 4 and 5, 6, 7 give the re-
sults for the IBL/HBL and LBL �-ray sources, respectively.
Additionally to the number of counterparts we also give the
expectation from the control area as well as the result from
the likelihood ratio test.

The smallest p-value in our test is obtained for the class
of IBL/HBL in ⌦90⇥1.3. While only 20.1 sources are expected
we actually observe 35 which is equivalent to a Poisson p-
value of 1.5 ⇥ 10

�3. Using the full likelihood approach de-
scribed in Sec. 3.2.3 we find a test-statistic value of 12.51,
which is - after comparison to the background test-statistic
distribution - equivalent to a significance of 3.56� with a
best-fit number of N̂srcs = 15 ± 3 (N̂srcs = 16

+4

�3
for ⌦90⇥1.5).

The corresponding profile likelihood is shown in Fig. 3. The
confidence levels are calculated assuming a �2

1
distribution

of the test-statistics, which has been verified using Monte
Carlo simulations. Since we have performed the same test for
⌦90⇥1.0, ⌦90⇥1.1,⌦90⇥1.3,⌦90⇥1.5, we need to correct the p-
value with the e↵ective number of independent trials. From
Monte Carlo simulations we obtain a trial factor of 1.64.
Given that we tested the two classes of IBL/HBL and LBL
separately, the overall trial factor becomes 3.28 giving a final
post-trial p-value of 6.2 ⇥ 10

�4 (3.23 �).
To evaluate if the observed excess of counterparts is

actually consistent with a signal expectation, we have com-
pared the distributions of the number of sources identified in
⌦90⇥1.3 with the expectation from background and the best-
fit signal of N̂srcs = 15 sources, see Fig. 4. The shaded bands
in the top panel show the expected mean and standard de-
viation estimated from a Monte Carlo simulation. It can be
seen that, while the class of LBL is very much consistent
with the background expectation, there is a clear deviation
for the class of IBLs/HBLs. The bottom panel shows the
deviation of the data from the background expectation in
terms of Gaussian �. The largest contribution to the excess
of IBLs/HBLs comes from the bin with a number of coun-

Figure 3. The profile likelihood for the class of HBLs/IBLs in
⌦90⇥1.3. The best-fit is a number of 15 ± 3 signal sources at 1�
confidence level. The background hypothesis is excluded at 3.56�.

Figure 4. Top panel: Distribution of the number of counterparts
for HBLs/IBLs and LBLs in ⌦90⇥1.3. The grey and blue shaded
bands show the expected mean and standard deviation for the
case of pure background and background plus 15 signal sources
as calculated from Monte Carlo. The dots show the experimental
results. In the bottom panel the deviation of the experimental
data from the background is shown in terms of Gaussian �.

terparts equal to 1; while we expect 11.8 sources, we observe
20 objects instead.

For LBLs on the contrary we do not observe any excess
over the background, which allows us to place an upper limit
on the maximum number of signal LBLs in our sample. The
corresponding profile likelihood for ⌦90⇥1.3 is shown in Fig.
5. Using again the �2

1
distribution of the test-statistic we get

an upper limit of 3 sources at 90% C.L.

3.3.1 Redshift distribution

The redshifts of the blazars listed in Table 5 have been
taken from the original catalogues, (e.g. 5BBZCAT, 3HSP
or 4FGL), or from the on-line ZBLLAC19 database. For the
case of the objects denoted with the VOUJ prefix, that is
blazars that were not previously reported in the literature
and were found in our search using the VOU-BLazars tool,

19 https://web.oapd.inaf.it/zbllac/
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Most promising results in blazar-
neutrino cross-match
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A marginal 2.8σ excess on the positional coincidence between good localisation neutrinos 
events and the blazars from the 3HSP

Excess HBL coincidences between neutrino and 3HSP blazars.

Excess for gamma-ray detected 
HBLs in neutrino positions (1.3x 
90% containment region), at the 
3.6σ level, = 15 excess HBLs with 
respect to chance coincidence.
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Extragalactic / transient studies
• Follow-up of sub-PeV astrophysical neutrino events
• Real-time correlation studies with active gamma-ray sources

Galactic Searches
• Focus on hadronic emitters such as SNR, Novae, > 100 TeV 
• And searches for correlations in diffuse emission

The Unknown Unknowns
• Dark sources or unidentified sources
• New types of objects like tidal disruptions

Deep astrophysical view of candidate sources

IceCube  
neutrino alerts

M. Santander - Neutrinos + CTA - CTAC/CTAO General Meeting, Nov 2022.

NEUTRINO alerts

31
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Figure 1. Skymap in Equatorial coordinates (J2000) of all neutrino candidate alerts used in the analysis described in Section 3.
Contours denote the 50% (solid) and 90% (dashed) containment based on rescalings of the likelihood space according to
resimulations of the event IceCube-160427A (Kankare et al. 2019, see Section 2 for more details). The color indicates the
signalness of each alert event, described in the text. The Galactic Plane and Galactic Center are shown as a black solid line and
dot, respectively.

basi et al. 2010) as well as read-out and digitization
electronics (Abbasi et al. 2009). Neutrinos are detected
indirectly via the Cherenkov radiation produced from
relativistic charged particles created by deep inelastic
neutrino nucleon interactions in the surrounding ice or
nearby bedrock beneath IceCube.

Although sensitive to all flavors of neutrino interac-
tions, this study relies only on muon track events from
muon-neutrino charged current interactions as well as a
10% contribution from muonic tau decays from charged
current tau-neutrino interactions. These “track” events
enable a better angular resolution than the other event
type, “cascades” (from charged current electron- and
tau-neutrino interactions or neutral current interactions
of all flavors), at the cost of a poorer energy resolution.
The angular resolution of track events is preferable when
searching for point sources in the region of the sky where
most of the alert events are detected.

In addition to neutrinos from astrophysical sources,
IceCube detects many neutrinos and muons from
cosmic-ray interactions in the atmosphere. In the south-
ern celestial hemisphere, the events detected by IceCube
are dominated by atmospheric muons, with events from
atmospheric neutrinos still occurring at rates a few or-
ders of magnitude larger than astrophysical neutrinos.
In the northern celestial hemisphere, the atmospheric
muons are attenuated by the Earth, and the rate is dom-
inated by atmospheric neutrinos.

The analysis presented here leverages the strengths
of two different IceCube data streams: the alert-event
stream and the “gamma-ray follow-up” (GFU) stream
(Aartsen et al. 2016). Both of these event selections try
to isolate neutrino candidate events with low latency,
enabled by a realtime alert infrastructure that began
sending alerts publicly in April 2016, and are described
in full in Aartsen et al. (2017a). However, the selec-
tion criteria used to identify alert events was revisited in
2019 (Blaufuss et al. 2020) to expand the alert program,
and the alert stream now consists of two unique chan-
nels: “Gold” events which have an average astrophysical
signal purity above 50%, and “Bronze” which have an
average astrophysical signal purity above 30%. These
event-by-event astrophysical purities are calculated by
finding the event “signalness”, S, which is the ratio of
the expected number of events from signal to the ex-
pected total number of events (signal plus background)
at a given declination with energies greater than the re-
constructed energy of the event (Blaufuss et al. 2020).
The final rate is approximately 10 events per-year in
the “Gold” selection, and 30 events overall in the “Gold”
and “Bronze” selection. Signalness is dependent on the
assumed spectral index. To avoid this dependence, the
alert stream effective area, which is a function of the
energy, is used for the analysis while treating all events
to be on the same footing.

Whereas the alert stream is optimized for finding in-
dividual events with moderate-to-high probability of as-

14 Abbasi et al.

Figure 7. Constraints on the per-source per-flavor neutrino luminosity between 10 TeV and 10 PeV from populations of steady
neutrino sources with E�2.5 spectra, and whose densities track star-formation rates. The faded line and band show the analysis
sensitivity and the 1� (68%) expected fluctuation of a one-sided Neyman upper-limit under the null hypothesis. The data
are inconsistent with a sole population of sources with the same luminosity being responsible for the diffuse flux (shown with
uncertainties as the blue shaded regions) unless it has a density greater than 7⇥ 10�9 Mpc�3. The left hand side shows these
constraints in the density/luminosity plane, as in Kowalski (2015), whereas the figure on the right scales the luminosity by
density, which is proportional to the energy density, to focus on the most-relevant section of the parameter space.
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Figure 8. Constraints on the per-source emitted energy per-flavor between 10 TeV and 10 PeV from populations of transient
neutrino sources with E�2.5 spectra whose rate densities track star-formation rates. The faded line and band show the analysis
sensitivity and the 1� (68%) expected fluctuation of a one-sided Neyman upper-limit under the null hypothesis. Upper limits
(90% CL) are inconsistent with rare populations (rate density less than 10�9 Mpc�3 yr�1), of standard candle transients
producing more than 6% of the diffuse flux (shown with uncertainties as the blue shaded regions) for minute-scale transients.

populations rarer than 6⇥10�11 Mpc�3, which is nearly
two orders of magnitude less numerous than the local
density of sources we can exclude if sources are assumed
to follow star-formation rates. This is due to the greater
number of sources at higher redshifts z & 1 for the AGN-
like evolution compared to the star-formation-like evolu-
tion. Although the luminosity function of AGN is known
to not be a standard candle function, we treated the lu-
minosity function as such for this example because we
know that the effect from varying luminosity functions
is second-order when compared to the density evolution.

These limits are the first limits reported by IceCube
on populations of sources from searches for neutrino
sources in the direction of alert events. Other popu-

lation constraints, such as the ones reported in Aartsen
et al. (2019a), are at a similar level for standard candle
sources, although that analysis constrained sources with
harder spectra. Although other neutrino source analy-
ses tend to suffer when searching for neutrino sources
with soft spectra, this analysis does not suffer as much
because the ratio hNGFU

l (�, �,�)i/hN alert
l (�, �,�)i gets

larger for soft spectra, as the alert stream is most sen-
sitive at higher energies, which effectively boosts our
signal when looking for correlations with alerts by us-
ing lower-energy events. When we inject harder spectra
into our analysis, the constraints get weaker than those
reported in Aartsen et al. (2019a). As for limits on tran-
sient source populations, the limits on the total emit-
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Arrival directions of most energetic neutrino events

North

Galactic Plane
180o

-90o

-180o

Earth
absorption

South

TXS 0506+056

Figure 1: Arrival directions of neutrino events from IceCube. Shown are upgoing track events [8,9]
(j), the high-energy starting events (HESE) (tracks i and cascades h) [6, 7, 10], and additional
track events published as public alerts (j) [23, 24]. The blue-shaded region indicates where the
Earth absorption of 100-TeV neutrinos becomes important. The dashed line indicates the equatorial
plane. We also indicate the location of the blazar TXS 0506+056 (î).

The current lack of established neutrino point sources — despite a firm detection of a diffuse
neutrino flux — indicates a population of weak extragalactic sources. This is illustrated in Fig. 2,
which shows a parametrization of the diffuse flux (magenta bands) in terms of the local density
and luminosity of steady source populations [17] (left plot) or local density rate and bolometric
energy for transient source populations [27] (right plot). The lack of neutrino sources after ten
years of observations by IceCube translates into the dark-blue shaded exclusion regions. Source
populations with sufficiently large local densities — like starburst galaxies [29–38], galaxy clus-
ters and groups [31, 39–41], low-luminosity AGN [42], radio-quiet AGN [43–45], or star-forming
galaxies with AGN outflows [34, 46–49] — or with high local rate densities — like (extragalac-
tic) jet-powered SNe including hypernovae [50–53] and interaction-powered SNe [54, 55] — are
presently consistent with the observations. Observatories with improvements in point-source sen-
sitivity over current detectors would greatly expand the discovery potential for the brightest sources
of these candidate populations (see Fig. 2) and other candidate sources like TXS 0506+056.

Current measurements of the isotropic neutrino flux (f ) are shown in Fig. 3, along with the
observed isotropic g-ray background (IGB) and the UHE cosmic-ray flux. The correspondence
among the energy densities, proportional to E2f , observed in neutrinos, g-rays, and cosmic rays
suggests a strong multi-messenger relationship that offer intriguing prospects for deeper observa-
tions with a new generation of instruments.

A) The simultaneous production of neutral and charged pions in cosmic-ray interactions sug-
gests that the sources of high-energy neutrinos could also be strong 10 TeV –10 PeV g-ray emitters.
For extragalactic scenarios, this g-ray emission is not directly observable because of the strong ab-
sorption of photons by e+e� pair production in extragalactic background photons. High-energy
g-rays initiate electromagnetic cascades of repeated inverse-Compton scattering and pair produc-
tion that eventually contribute to the diffuse g-rays below 100 GeV, which provides a theoretical
upper limit to the diffuse neutrino flux [56,57]. The detected flux of > 100 TeV neutrinos with the
hadronuclear origin is saturated by the diffuse g-ray data [31] (see blue lines in Fig. 3). Intrigu-
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CTA strategy: Neutrino Target of Opportunity (NToO):
• Transients: CTA search for gamma-ray counterpart from a neutrino alert 
• Steady sources: monitor hotspots exceeding IceCube sensitivity

FIRESONG
• Simulate a neutrino population according to source evolution and 

luminosity function

https://github.com/ChrisCFTung/FIRESONG

Density vs. Luminosity plot

• Steady sources: sources/Mpc3 vs. neutrino luminosity

• Transient sources: burst rates/Mpc3 (%flaring blazars) vs. neutrino flare 
luminosity

IceCube  
neutrino alerts

Blazars associated with IceCube n

Four source candidates

• IC-170922A: TXS 0506+056 (z = 0.3365) 
• IC-190730A: PKS 1502+106 (z = 1.84)
• IC-200107A: 3HSP J095507.9+355101 (z = 0.557)
• IC-141209A: GB6 J1040+0617 (z = 0.7351)

• Calculate neutrino luminosity from IceCube event in the relevant energy range

• UHECR proton (> 1017 eV) luminosity: LUHCR = a LICn

• Inject UHECR protons with spectrum E-2.2 , BIGMF = 10-16 G

• LoS n and g fluxes have hard spectra compared to source fluxes

• Detection of LoS n and/or g fluxes can confirm IC blazars as UHECR sources

IceCube Collab. 2018
IceCube Collab. 2019

IceCube Collab. 2020
Garappa et al. 2019
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High-energy Neutrino counterparts
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illustration adapted from arXiv:1903.04504

Relativistic astrophysical sources are natural cosmic-ray accelerators and 
therefore expected to be multi-messenger sources

Ulisses Barres | Gamma-rays at VHEs | Texas Symposium 2019
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Figure 1: AGN jets, powered by accretion onto a central supermassive black hole, are the most
powerful and long-lived particle accelerators in the Universe. Non-thermal processes operating in
jets are responsible for multi-messenger emissions, such as broadband electromagnetic radiation
and high-energy neutrinos. Background spectral energy distribution is adapted from [116].
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