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Neutrino	Astronomy
• Soon after discovery it was realized neutrinos are ideal cosmic messengers.

• Neutrinos:

✓ Hardly interact → unabsorbed

✓ Neutral → point back to their sources 

✓ Smoking gun of the CR sources

✓ Exclusive messenger for 10 TeV - 10 EeV

Low statistics and large background, main 
challenges for neutrino astronomy.

Accelerated CRs 
interact with gas or 
radiation in the beam 
dump and produce 
charged and neutral 
pions.
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Arrival	Direction	of	the	Most	Energetic	Neutrinos
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Spatial	Distribution
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Possible	Sources

radiation
and dust

black hole
neutron star

à p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + gà n + p+

~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy

Possible Sources
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Active Galactic Nuclei

Supernova
Remnants

Gamma-ray
Bursts

Chris Weaver—Thesis Defense February 2, 2015

Cygnus A
NRAO/AUI

Crab Nebula
NASA, ESA Simulated GRB Fireball

NERSC

Sources of TeV - PeV cosmic neutrinos should  
‣ Accelerate Cosmic Rays to > PeV energies 

‣‣ sources of VHE & UHE CRs 
‣ Poses beam dumps that facilitate CR interaction  

‣‣environment that can provide gas and 
radiation with enough density 

Active Galactic Nuclei (AGN)

Gamma Ray 
Bursts (GRB)

Supernova Remnant (SNR)

Credit: NASA/HST

Credit: D. A. Aguilar (CfA)

Credit: NASA
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The	Neutrino	𝛾-ray	Connection
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absorption at the source or in background light 
pushes very high-energy 𝛾-rays to lower energies

Neutrino production kinematics 
governed by pion threshold. 

Maximum 𝛾-ray energy limited by 
the pair production.
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Point	Source	Searches

Stacking Search

Juan A. Aguilar - Université de GenèveParis, 2013

Search for Point Sources of Emission

16

• Neutrinos are not deviated by magnetic fields.!
• Scattering due to ν-μ kinematics and detector Point Spread Function.
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Ingredients:

• Neutrinos are not deviated by magnetic fields.!
• Scattering due to ν-μ kinematics and detector Point Spread Function.

clustering source search
‣Untriggered search 
in space & time ‣ Triggered search 

for pre-identified 
locations 

‣Search for collective neutrino emission 
from a catalog/class of sources

➕ Realtime analysis and Neutrino alerts…



Recent	Developments	in	
Identification	of	Sources	of		

High-Energy	Cosmic	Neutrinos
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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.
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[IceCube, PRL 2020]

Neutrino	Sky-IceCube	10	yr
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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

[IceCube, PRL 2020]

Neutrino	Sky-IceCube	10	yr
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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
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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-

�1.0 �0.5 0.0 0.5 1.0

sin(�)

10�13

10�12

10�11

10�10

10�9

10�8

10�7

�
� µ

+
�̄ µ

1T
eV

[T
eV

�
1 c

m
�

2 s
�

1 ]

ANTARES E�2 Sensit.

ANTARES E�3 Sensit.
90% Sensit. E�3

5� Disc. Pot. E�3

90% Sensit. E�2

5� Disc. Pot. E�2

90% Upper Limits E�2

90% Upper Limits E�3

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

[IceCube, PRL 2020]
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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.
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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-
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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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with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
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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

[IceCube, PRL 2020]
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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.
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Hottest spot in the all-sky scan coincides with the direction of NGC 1068! 
NGC 1068 is the most significant source in IceCube source list with a local pre-
trial p-value of 1.8x10-5 (2.9σ Post trial). 
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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

NGC1068

IceCube, PRL2020
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NGC	1068 & the Neutrino Signal
• NGC 1068, aka M77, is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied AGN, which played a major role in AGN unification 

scheme 
• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of star formation

Image Credit: NASA/HST
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NGC	1068 & the Neutrino Signal
• NGC 1068, aka M77, is a Seyfert 2 galaxy with a heavily obscured nucleus 
• One of the best studied AGN, which played a major role in AGN unification 

scheme 
• Compton thick environment with Column density ~ 1025 cm-2 
• Bright in X-ray, and high infrared luminosity indicating high level of star formation

‣ Historically considered as a promising cosmic-ray accelerator. 

/ E�3.2

• IceCube 10 yr time-integrated search 
found 51 neutrinos in the direction of 
NGC 1068, with a soft spectrum. 

• The neutrino flux much higher than the 
observed 𝛾-ray flux by Fermi.  

• Models built on measured 𝛾-ray flux by 
Fermi cannot accommodate the 
neutrino flux. 

• Obscuring necessary to absorb the 
pionic 𝛾-ray accompanying neutrinos. IceCube, PRL2020

Image Credit: NASA/HST
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Medium-Energy	Excess	in	Neutrino	Flux
• Different slopes hint at 

structure in the flux of high-
energy cosmic neutrinos. 

• The magnitude of the flux at 
~10 TeV energies is found to 
be higher than the flux at 
>100 TeV energies.  

• Multimessenger connection 
dictates extragalactic sources 
of the high-energy neutrino 
flux at medium-energies to 
be “obscured” to GeV 𝛾-rays.

Murase+2015
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NGC	1068	in	AGN-Corona	Model

• Cores of the AGN, which are 
optically thick for GeV-TeV 𝛾-rays, 
are one of the best candidates as 
the source of the high-energy 
neutrinos. 

• Accretion dynamics and magnetic 
dissipation will form a magnetized 
corona above the disk. 

• The disk-corona model HE 
neutrino emission can successfully 
accommodate the flux of neutrinos 
at ME in the 10-100 TeV range.
[Murase+, PRL 2020]
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‣ NGC 1068 is the brightest source in IceCube.12

p-value

Source Stochastic (High CR pressure) Stochastic (Modest CR pressure) Magnetic reconnection

NGC 1068 10�6 0.09 1.8⇥10�4

NGC 1275 0.03 0.3 0.1

CGCG 164-019 0.04 0.3 0.1

UGC 11910 0.1 0.4 0.09

Cen A 0.5 0.2 0.2

Circinus Galaxy 0.5 0.3 0.3

NGC 7582 0.5 0.5 0.1

ESO 138-1 0.5 0.5 0.09

NGC 424 0.5 0.5 0.5

NGC 4945 0.5 0.5 0.5

Table 3. Prospects for observations of bright nearby Seyfert galaxies in 10 years of IceCube operations.

expected to identify neutrino emission at the level of 3�

with 15 years of IceCube data. Such analysis can test
this scenario independently, without relying on the neu-
trino emission reported from the direction NGC 1068,
which this scenario is based upon.

Our predicted neutrino emission was built upon the
disk-corona model of AGN. Two of the sources in the
list of bright Seyfert galaxies, Cen A and NGC 1275, are
seen with a high jet activity and it is likely that the X-
ray emission arises from the jet rather than the disk. We
will further investigate the prospects for observations of
bright Seyfert galaxies if the disk-corona emission would
not be dominant. The dashed lines in Fig. 7 show the
p-value when Cen A and NGC 1275 are not considered
in the source list. While the likelihood of observation
is decreased, the cumulative neutrino emission is strong
and the stacking analysis of the rest of the bright Seyfert
galaxies can still reach a significant level in the lifetime
of the IceCube detector.

For Cen A, we should note that although one zone
models typically attribute the high-energy to the
jet Abdo et al. (2010), it may be di�cult to explain some
of the X-ray properties with such scenario (Tachibana
et al. 2015). The observed soft lags in X-rays from Cen
A may indicate their coronal origin. We should note
that despite the large magnitude of the flux predicted
under both stochastic acceleration and magnetic recon-
nection scenarios for Cen A in our study, our prediction
is compatible with current upper limits imposed by the
ANTARES and IceCube Collaboration. In Fig. 8 we
compare the predicted neutrino flux with the current
limits from the IceCube cascade source search in the
Southern sky (Albert et al. 2020). The upper limit is
obtained for a power-law with exponential cuto↵, which
is the closest shape to the predicted spectra in our study.

In summary, observations of stacked neutrino emis-
sion from nearby, bright Seyfert galaxies is promising

Figure 7. Projected p-values for stacking of 10 brightest
Seyfert galaxies in 5 to 20 years of IceCube operation, for
the three acceleration scenario considered in this study. The
solid lines show the p-values for the 10 bright sources listed
in Table 2. The dashed line presents the prospects when the
emission from Cen A and NGC 1275 is excluded.

with IceCube, which could reveal the dominant sources
responsible for the medium-energy excess in the spec-
trum of high-energy cosmic neutrinos. The likelihood
for observations of these sources will be enhanced by
the improvements in the event selection in the Southern
hemisphere. We will address this in Sec. 6.

4. FUTURE NEUTRINO TELESCOPES

In this section, we explore the prospects for identify-
ing bright nearby Seyfert galaxies in the next generation
of neutrino telescopes. The major development in the
high-energy neutrino astrophysics would be driven by
KM3NeT, currently under construction in the Mediter-

AK, Murase, Kimura, ApJ 2021
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KM3NeT	&	the	Bright	Nearby	Seyferts
• Located in the Northern hemisphere, 

KM3NeT has a good sensitivity for nearby 
bright Seyferts, which are mostly located in 
the Southern sky. 

• Cen A and Circinus Galaxy, because of their 
high flux, proximity, and high degree of 
visibility are likely to be identified in KM3NeT.

14

p-value 1 yr (3 yr)

Source Visibility Stochastic (high CR pressure) Stochastic (Modest CR pressure) Magnetic Reconnection

Cen A 0.7 0.001 (9.3⇥10�8) 0.2 (0.07) 0.2 (0.05)

Circinus Galaxy 1.0 0.008 (1.9⇥10�5) 0.2 (0.09) 0.2 (0.07)

ESO 138-1 1 0.1 (0.02) 0.4 (0.3) 0.3 (0.08)

NGC 7582 0.7 0.2 (0.04) 0.4 (0.3) 0.4 (0.2)

NGC 1068 0.5 0.2 (0.05) 0.4 (0.4) 0.4 (0.2)

NGC 4945 0.8 0.5 (0.2) 0.5 (0.4) 0.5 (0.4)

NGC 424 0.7 0.4 (0.2) 0.5 (0.4) 0.5 (0.4)

UGC 11910 0.5 0.4 (0.4) 0.5 (0.5) 0.5 (0.5)

CGCG 164-019 0.4 0.4 (0.3) 0.5 (0.5) 0.5 (0.5)

NGC 1275 0.3 0.4 (0.4) 0.5 (0.5) 0.5 (0.5)

Table 4. Prospects for observation of nearby bright Seyfert galaxies in one years of KM3NeT observations.

Figure 10. Prospects for observation of the bright
Seyfert galaxies in the next-generation neutrino telescopes:
KM3NeT and IceCube-Gen2. The solid (dashed) lines show
expectations for 0.3� (0.7�) angular resolution for the mod-
est CR pressure scenario. The tick lines show the prospects
for identification of the 10 nearby bright sources in Table 2
in a stacking analysis. The thin lines show the prospects for
identification of the sources in the absence of a signal from
disk-corona model from Cen A and NGC 1275.

3 years, we now turn into the prospects for observation
of neutrino emission in a stacking analysis. We only
consider the modest CR pressure scenario in stochastic
acceleration since emission under either of the other two
scenarios should be identified by IceCube. In addition
to KM3NeT, we consider IceCube-Gen2 for the stacking
search in this scenario. Here, we assume that the e↵ec-

tive area for IceCube-Gen2 is ⇠ 5 times larger than the
current IceCube detector.

We present the p-values expected for modest CR pres-
sure stochastic acceleration scenario for KM3NeT to-
gether with the ones for IceCube-Gen2 in Fig. 10. We
project the prospects for identification of neutrino emis-
sion from the bright sources assuming an angular res-
olution of 0.3 (solid) and 0.7 degrees (dashed) for each
detector. We should note that our estimation of the
prospects for identifying Seyfert galaxies are quite con-
servative, given that an angular resolution of 0.3 degrees
or better is not that far-fetched for KM3NeT. The ex-
pected improvements in the angular reconstruction in
IceCube-Gen2 will also make it easier to identify these
sources. In fact, our estimates indicate that achieving
finer angular resolutions at ⇠ 10 � 30 TeV is crucial for
the identification of neutrino emission from these sources
especially in the modest CR pressure case. We further
show the growth of significance for a given resolution in
Sec. 6.

5. DISCUSSION

5.1. Aggregated Fluxes

Highly magnetized and turbulent coronae can be pos-
sible sites of particle acceleration. The system is calori-
metric in the sense that su�ciently high-energy CRs are
depleted via hadronuclear and photohadronic interac-
tions. The high magnitude of the neutrino flux at 10–
100 TeV makes this scenario a primary candidate for the
medium-energy neutrino flux observed in IceCube at the
level of E

2

⌫�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1 (Murase et al.
2020). The di↵use flux mainly originates from AGN at
high redshifts (with z ⇠ 1 � 2), which are too far to de-
tect as individual sources. The contribution from local
sources is small, but it is still of interest to ask their
aggregated flux.
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Future	Neutrino	Telescopes
‣Stochastic	acceleration	with	Modest	CR	pressure
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Multimessenger Observation of TXS 0506+056
Multi-Messenger Observations of TXS 0506+056

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
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 Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm 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=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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[Science 361 (2018) no.6398, eaat1378]

• Coincident with Fermi flare; chance correlation can be rejected at the 3s-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars.

• One of the most luminous BL Lacs (2.8 ⇥ 1046 erg/s).
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[IceCube, Science 2018]

• Up-going track observed on September 
22, 2017 from 5.7° below horizon with 
best fit neutrino energy of ~300 TeV for 
E-2 Spectrum. 

• Coincidence with enhanced 𝛾-ray 
activity, chance correlation rejected at 
the level of 3𝜎.

IceCube Alert IC-170922A

lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino
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Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Up-going muon track (5.7� below horizon) observed on September 22, 2017.
The best-fit neutrino energy for an E�2-spectrum is 311 TeV.
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13±5 signal events rejecting 
background hypothesis at 3.5𝜎
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Neutrino	Flare	in	2014-15

with reduced significance.) An additional look-elsewhere correction then needs to be applied

for a result in an individual data segment, given by the ratio of the total 9.5 year observation110

time to the observation time of that data segment (30).

Results

The results of the time-dependent analysis performed at the coordinates of TXS 0506+056 are

shown in Fig. 1 for each of the six data periods. One of the data periods, IC86b from 2012-2015,

contains a significant excess which is identified by both time-window shapes. The excess con-115

sists of 13±5 events above the expectation from the atmospheric background. The significance

depends on the energies of the events, their proximity to the coordinates of TXS 0506+056, and

their closeness in time. This is illustrated in Fig. 2 showing the contribution of individual events

during the IC86b data period.
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Figure 1: Time-dependent analysis results. The orange curve corresponds to the analysis
using the Gaussian-shaped time profile. The central time T0 and width TW are plotted for
the most significant excess found in each period, with the p-value of that result indicated by the
height of the peak. The blue curve corresponds to the analysis using the box-shaped time profile.
The curve traces the outer edge of the superposition of the best-fitting time windows (durations
TW) over all times T0, with the height indicating the significance of that window. In each period,
the most significant time window forms a plateau, shaded in blue. The large blue band centered
near 2015 represents the best-fitting 158-day time window found using the box-shaped time
profile. The vertical dotted line in IC86c indicates the time of the IceCube-170922A event.
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the Gaussian window show that it is consistent with the box window fit. Despite the different

window shapes, which lead to different weightings of the events as a function of time, both130

windows identify the same time interval as significant. For the box time window, the best-

fitting parameters are similar to those of the Gaussian window, with E2J100 = (2.2+1.0
�0.8)⇥ 10

�4

TeV cm�2 and � = 2.2 ± 0.2. This fluence corresponds to an average flux over 158 days of

�100 = (1.6+0.7
�0.6) ⇥ 10

�15 TeV�1 cm�2 s�1.

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the flu-
ence at 100 TeV, E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (31) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the p-value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The p-value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

When we estimate the significance of the time-dependent result by performing the analysis135

8

TW = 110+35
�24 days

�100 =
�
1.6+0.7

�0.6

�
⇥ 10�15TeV�1cm�2s�1

[IceCube, Science 2018]

Time-dependent search in the direction of TXS 0506+056 revealed 
a neutrino flare in December 2014.
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• The 10 year averaged flux of neutrinos from TXS 0506+056 is dominated by the 2014 burst. 

• Contrary to IC 170922A, No enhanced 𝛾-ray activity for the neutrino burst in 2014. May be 
hardening of the spectrum [Padovani+, 2018] although no significant slope change 
[Garrappa+2019]. 

• Explaining broadband spectrum of the source during neutrino burst is challenging with single 
zone models. [Reimer+2018, Murase+2018, Gao+2019] 

• Suppression inside the source, EBL absorption, and large intergalactic magnetic filed makes it 
difficult to observe the possible enhancement for such sources. [Halzen, AK+, APJ Lett 2018]
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𝛾-Neutrino	Connection

• Enhanced Radio emission and 
possible jet structure demonstrates 
a potentially more complicated 
picture. [Kun+ 2018, Britzen+2019,  
de Brujin+2020]

• Accommodating the flux without 
overshooting X-ray flux is 
challenging [Murase+ 2018, 
Petrupoulue+2020]
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Emerging	Feature: 𝛾-ray	Suppression

Sources found to be in quiet mode in gamma-rays at 
the time of a high-energy neutrino alert detection. 

[Kun+ 2021]



21

More Coincidences
• Additional coincidences  

• IC 190730 with PKS 1502+106 

• IC 200107 and 3HSP J095507.9 
+355101

• Coincidence with radio enhancement 
[Hovatta+ 2020]

• Coincidence with Tidal Disruption 
Events (TDEs): AT 2019fdr [Reusch+ 21], 
AT 2019dsg [Stein+ 2021] 

•

• Studies suggest common mechanism 
between TDEs and AGN neutrino emission 
[Murase+ 2020] 

•  More data required for a more coherent 
picture.
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Galactic	Cosmic	Ray	Accelerators

ν
π± 

[PDG 2018]

Galactic Extragalactic

• The search for Galactic cosmic neutrino sources concentrates on the search for 
“Pevatrons” which have the required energetics to produce cosmic rays up to 
the knee in the spectrum.  

• ``Pevatrons” will produce pionic 𝛾-rays whose spectrum extends to several 
hundred TeV without cut-off. 

• Supernova remnant meet such condition. 
• TeV 𝛾-rays should be accompanied by TeV neutrinos, observable at IceCube.
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Potential	Galactic	Sources

Credit: NASA/CXC/SAO

SN 1054

Credit: NASA Supernova Remnants

Pulsar Wind Nebulae

Binaries

Diffuse Galactic Emission
ESA/Planck Collaboration

Credit: ESA/Hubble
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HE	Neutrino	Emission	from	CCSNe
• A core-collapse SN (CCSN) with 

MeV neutrino luminosity of Lν ∼ 
1053 ergs−1 will be accompanied 
by HE neutrino emission with a 
bolometric luminosity of Lν 
∼1037−1042 ergs−1. 

• Growing evidence from 
observation of extragalactic SNe 
shows rapid significant mass loss 
in SN progenitor which leads to 
shock interaction with dense 
circumstellar material (CSM).  

• After the shock breakout from a 
progenitor star, the SN ejecta 
starts to interact with a CSM.
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New prospects for detecting high-energy neutrinos from nearby supernovae

Kohta Murase1, 2

1Department of Physics; Department of Astronomy and Astrophysics; Center for Particle and Gravitational Astrophysics,
The Pennsylvania State University, University Park, Pennsylvania 16802, USA

2Yukawa Institute for Theoretical Physics, Kyoto, Kyoto, 606-8502, Japan

Neutrinos from supernovae (SNe) are crucial probes of explosive phenomena at the deaths of
massive stars and neutrino physics. High-energy neutrinos are produced through hadronic processes
by cosmic rays, which are accelerated during interaction between the supernova (SN) ejecta and
circumstellar material (CSM). Recent observations of extragalactic SNe have revealed that a dense
CSM is commonly expelled by the progenitor star. We provide new quantitative predictions of
time-dependent high-energy neutrino emission from diverse types of SNe. We show that IceCube
and KM3Net can detect ∼ 103 events from a SN II-P (and ∼ 3 × 105 events from a SN IIn) at
a distance of 10 kpc. The new model also enables us to critically optimize the time window for
dedicated searches for nearby SNe. A successful detection will give us a multienergy neutrino view
of SN physics and new opportunities to study neutrino properties, as well as clues to the cosmic-ray
origin. GeV-TeV neutrinos may also be seen by KM3Net, Hyper-Kamiokande, and PINGU.

INTRODUCTION

Thirty years ago, neutrinos from Supernova (SN)
1987A were detected by the Kamiokande-II [1] and
Irvine-Michigan-Brookhaven [2] experiments. The neu-
trino detections confirmed that thermal neutrinos carry
away the gravitational binding energy that is released in
the core collapse [3]. While no neutrinos from Galactic
supernovae (SNe) have been observed since the inven-
tion of the optical telescope and other multimessenger
detectors, the core-collapse SN rate in the Milky Way is
estimated to be ∼ 3 per century [4]. If a Galactic SN
occurs, high-statistics MeV neutrino signals will be seen
by current facilities, enabling us to investigate details of
core-collapse phenomena and neutrino oscillation in ex-
treme environments.
Meanwhile, high-energy neutrino astrophysics has fi-

nally become a reality. High-energy cosmic neutrinos
were discovered by the IceCube experiment [5–7]. Non-
thermal neutrinos are generated in the decay of charged
pions produced by cosmic rays (CRs), via hadronuclear
(pp) interactions with matter and photohadronic (pγ) in-
teractions with radiation. They serve as a smoking gun
of CR ion acceleration. No point source has been found
yet, and the origin of the diffuse neutrino background is
a big mystery in astroparticle physics [8–10].
SN remnants with an age of ∼ 103 − 104 yr are estab-

lished as efficient particle accelerators [11]. The theory
also supports that CRs are accelerated at shocks via the
Fermi mechanism, and it is believed that GeV-PeV CRs
originate from SN remnants [12–14]. Are SNe (with an
age of days to months) also promising CR and neutrino
sources? Naively, the SN ejecta is freely expanding dur-
ing the first ∼ 1000 yr, so the energy carried by CRs
is so small that hadronic emission is difficult to detect
(e.g., [15, 16]). However, the situation has changed re-
cently. Optical observations of various types of extra-
galactic SNe have provided cumulative evidence that a
SN progenitor commonly experiences a significant mass
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FIG. 1: Our predictions of neutrino “light curves” (at Eν =
1 TeV) for various types of SNe. The slow decline implies the
importance of late time emission. See text for details.

loss a short time before the explosion [17]. As a result,
shock interactions with a dense circumstellar material
(CSM) should occur, leading to efficient production of
neutrinos.

This work presents new time-dependent calculations
of high-energy neutrino emission from nearby SNe with
dense CSM interactions, and for the first time we provide
detailed high-energy neutrino light curves from different
classes of SNe (see Fig. 1). The results, taking account
of both time and energy dependence, are crucial to eval-
uate the signal-to-background ratio and examine the de-
tectability with current and future detectors. We show
that, ∼ 0.1 − 10 days after detections of MeV neutrinos
and gravitational waves, a high-statistics TeV neutrino
signal in IceCube and KM3Net is expected even for an
ordinary Galactic SN. Our results suggest that nearby
SNe may provide the first example of multienergy neu-
trino view of astrophysical objects.

Murase  2018

 ∼ 0.1 − 10 days after detections of 
MeV neutrinos and gravitational 
waves, a high-statistics TeV 
neutrino signal is expected for an 
ordinary Galactic SN. 
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HE	Neutrinos	from	SN	II-P
• SN II-P is the most common 

type of core-collapse SN  

• Progenitors are Red Super 
Giants. 

• The level of the neutrino 
emission is generally lower 
than SN IIn but the higher 
rate increases the chance for 
observation. 

• Recent observations have 
revealed that mass ejections 
is larger than previous 
estimates. [MOROZOVA+ 2018] 

‣ Observation is more likely!

D* parameterizes mass loss rate and 
wind velocity and is directly 
correlated with neutrino emission.

Previous estimate

d=10 kpc
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HE	Neutrinos	from	CCSNe

The next generation of neutrino telescopes will extend the horizon 
for observation of multiple neutrinos from extragalactic SN IIn.
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• HE neutrinos from close by 
sources (e.g. LMC & SMC) 
can be identified in current 
detectors. 

• Joint analysis of data from 
upcoming neutrino 
telescopes in the Northern 
hemisphere will boost the 
sensitivity. 

• Next generation of neutrino 
telescopes will push the 
horizon for identification of 
HE neutrinos from SN II-P to 
more than 2 Mpc.

‣	Local	Galaxies
HE	Neutrino	emission	from	SN	II-P
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Tau	Neutrinos	&	UHE	Sources
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[Argüelles, Halzen, AK, Safa 2022]

PeV tau neutrinos improve the sensitivity for Cherenkov telescopes 
to identify sources with EeV emission.
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Symmetry Magazine

Cosmic	Neutrinos		
as	Probes	of	New	Physics
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Dark	Matter	Annihilation
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Neutrino portal: the most invisible channel, hardest to detect, difficult to rule out!

Upper limit on DM annihilation to neutrinos serves as an upper bound to DM 
annihilation to SM [Beacom+2007]. 

[Argüelles, Diaz, AK, Olivares Del Camp, Safa, Vincent, RMP 2022.]
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Dark	Matter	Annihilation
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Strongest limits 
obtained when the directional information 

is available!

Neutrino portal: the most invisible channel, hardest to detect, difficult to rule out!

Upper limit on DM annihilation to neutrinos serves as an upper bound to DM 
annihilation to SM [Beacom+2007]. 

[Argüelles, Diaz, AK, Olivares Del Camp, Safa, Vincent, RMP 2022.]
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Dark	Matter	Decay

[Argüelles, Delgado Lopez, Friedlander, AK, Safa, White, Vincent, in prep.]
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DM	Signal	from	Galaxy	Clusters
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[Chianese, AK, Murase, in prep.]

In the Gen2-era, stacking with more clusters may overwhelm diffuse limits  



DM-𝜈 interaction will result in 
scattering of neutrinos from 

extragalactic sources, leading to 
anisotropy and energy loss.

⌫

⌫

⌫

⌫

⌫

⌫

⌫

Dark	Matter-Neutrino	Interaction

🌍
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Energy	&	Morphology

IceCube HESE

Energy Distribution

Resonance @ 810 TeV

Angular Distribution

Neutrino-DM interactions creates 
features in the energy spectrum (e.g. 
Dips, cut-off, softening)

Neutrino-DM interaction leads to the 
deficit towards Galactic center
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Constraints	on	DM-Nu	Interaction	
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Competitive limits compared to cosmological constraints! 
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BSM-induced	Time	Delay
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σν ≲ 2.3
N νnνD

; ð7Þ

where the Poisson probability to observe nonzero time
delayed events is set to <0.9. One should keep in mind that
the neutrino scattering cross section is energy dependent
and Dhθ2i≳ 8ΔT should be satisfied. Note that Eq. (5) is
applied in the opposite limit.
We show results for a scalar mediator in Fig. 2. Here

contributions from t and u channels are also included
[83,87]. In the resonant region (s ∼m2

ϕ), we average the
effective cross section by assuming an energy resolution of
Δ logðEνÞ ¼ 0.6 (which is reasonable for high-energy track
events [84]). At Eν ¼ 0.1 PeV, the two cases of ΔT ¼ 3 d
and ΔT ¼ 30 s correspond to the large and small optical
depth limits, respectively. We also show another case of
ΔT ¼ 30 s for Eν ¼ 1 PeV, in which the multiple scatter-
ing limit is applied.
Other constraints include one from kaon decay, which

gives g≲ 0.01 [83,104,105]. Note that our echo method
is especially relevant if only tau neutrinos have BSM
interactions. Big Bang Nucleosynthesis (BBN) gives a
constraint of mϕ ≳ a few MeV, although details depend on
uncertainty in the extra number of relativistic species (e.g.,
[60,74,106]). Astrophysical and laboratory limits are com-
plementary. For example, if neutrinos interact with the CνB
through sterile neutrinos, the limits can be relaxed, depend-
ing on mixing angles [61,91].
Example 2: Neutrino-DM interactions.—As a further

application of the idea of BSM-induced neutrino echoes,
we discuss neutrinophilic DM models in which DM and
neutrinos share a new interaction. Very intriguingly, such

models give a possible solution to cosmological issues
[60,61,65,68,69,72] and can explain the muon anomalous
magnetic moment [77,78,80]. For illustration, we consider
a simple extension of the vector model mentioned above in
which the new gauge boson also couples to a Dirac fermion
DM, L ⊃ gνVμν̄γμνþ gXVμX̄γμX, where X denotes the
DM with a mass mX . New gauge bosons appear in many
BSM scenarios [107], and additional broken U(1) gauge
symmetries leading to vector bosons were predicted by
grand unification theories [108,109]. While the neutrinos
and DM may have different charge assignments, here
we take them to be equal and assume gν ¼ gX ¼ g for
simplicity.
The above model is accompanied by neutrino-DM

scatterings, and the resulting constraints are shown in
Fig. 3. As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong
constraints even in the small optical depth limit, which
can be more stringent than previous ones [92,101,
110–113]. Here the coupling should be regarded as an
effective parameter. The real coupling to the standard
model can be made neutrinophilic via coupling the gauge
boson to heavy sterile neutrinos. However, their effect is
still felt as they effectively endow the active neutrinos with
a mixing suppressed coupling to the new mediator. Such
models have been explored in Refs. [114–116].
For the t channel, we find that the multiple scattering

limit may not be applicable to most transients due to large
values of hθ2i for relatively heavy DM. The cases for ΔT ¼
30 s are shown in Fig. 3, where the constraint is given for
the small optical depth limit (but with the replacement of nν
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FIG. 2. Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino mass
are D ¼ 3 Gpc and mν ¼ 0.1 eV, respectively, and N ν ¼ 10 is
used for the small optical depth limit. The parameter space
relaxing the Hubble parameter tension for the cosmic microwave
background (CMB) [70,74] is shown together with constraints
assuming ΛCDM cosmology (shaded regions).
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FIG. 3. Expected constraints on secret neutrino interactions via
a vector mediator in the presence of DM. The neutrino energy is
set toEν ¼ 0.1 PeV, andD,mν, andN ν are the same as in Fig. 2.
Lyman-α constraints from the kinetic decoupling for neutrino-
DM scatterings are shown as conservative limits for different DM
masses. The parameter space proposed to solve the small-scale
structure abundance problem [60] is also indicated (light shaded
regions). The CMB constraints shown in Fig. 2 are applied to the
neutrino-neutrino scattering.
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Summary
• After a decade of observation, signs of anisotropy are 

emerging in IceCube data. 

‣ Early indications points to active galactic nuclei as 
primary source of high-energy cosmic neutrinos. 

‣ Neutrino Telescopes are closing in on the Galactic 
sources of HE neutrinos. 

‣ Core collapse supernovae can contribute to the 
cosmic neutrino flux and identification of HE 
neutrinos from them can provide realtime probe of 
particle acceleration. 

• Cosmic neutrinos provide complementary tests of 
physics beyond the Standard Model in the neutrino 
sector. 

‣ Identification of the sources will boost the power 
to probe for new physics with HE neutrinos.



Thanks!



Back up Slides
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Multimessenger	Interfaces
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• Similar energy in the 𝛾-rays, neutrinos and cosmic rays suggest common origin 
[Ahlers 2015, Murase+ 2014, Kowalski 2014]


•  Pionic gamma rays associated with high-energy neutrinos cascade in EBL and 
contribute to IGRB below 100 GeV → upper limit on neutrino spectrum.


•Cosmic neutrino flux above 100 TeV saturates this limit.

•Excess at lower energies suggest opaque sources
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Prospects	for	Stacking	Neutrinos	from	Bright	
Sources	in	IceCube
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Tau	PeV	Neutrinos	&	UHE	Emission
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46

Neutrinos	Signal	from	DM	Annihilation
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Constraining	the	DM	parameter	space	
‣ Low	Mass
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Constraining	the	DM	parameter	space	
‣ High	Mass	(only	accessible	to	neutrinos)
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Delay	via	BSM	Neutrino	Interactions	Induced

10�5 10�3 10�1 101 103

m� [GeV]

10�4

10�3

10�2

10�1

100

101

102

103

m
V

[G
eV

]

�1.75

0.00

1.75

3.50

5.25

7.00

8.75

10.50

12.25

lo
g

�
t

[s
ec

]

E⌫ = 100TeV

D = 3Gpc

3
v
ec

to
r
d
a
rk

m
a
tt
er

-
sc
a
la
r
m
ed

ia
to

r

4
sc
a
la
r
d
a
rk

m
a
tt
er

-
fe
rm

io
n

m
ed

ia
to

r

4
.1

s-
ch

a
n
n
el

� �

�
g

g0

⌫ ⌫

4
.2

u
-c
h
a
n
n
el

�

�

�

g
g0

⌫

⌫

2

�/Vµ

⌫

⌫

⌫

⌫

3 fermion dark matter - vector mediator

g�

� �

�

g⌫
⌫ ⌫

4 scalar dark matter - fermion mediator

4.1 s-channel

⌫

�

�g g

⌫

�

4.2 u-channel

⌫

�

�

g g

⌫

�

2

• DM-ν interactions• Secret self neutrino interaction



50

IceCube-HAWC	Joint	Search

[AK & Wood, 2019]
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Pulsar	Wind	Nebulae

• PWN: major Galactic sources at 
very high energies. 

• Leptonic scenarios favored but 
caveats exist. 

• Hadronic component cannot be 
ruled out [Amato+ 2003, 
Guetta+ 2007, Palma+ 2017]
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Diffuse	Galactic	Neutrino	Emission
• Interaction of Galactic CR with dense environments in the Miky Way: 

‣ Guaranteed flux of HE neutrinos
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[IceCube & ANTARES ApJLett 2018]

• Upper limits closing in on the 
predicted flux

• Extended emission from the 
Milky Way at high energies


