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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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Neutrino Spectrum

Chapter 2

The Neutrino as a Messenger

Particle

“[...], which means that they propagate essentially unchanged in
direction and energy from their point of origin [...] and so carry

information which may be unique in character.”

— Frederick Reines (1960) [11]
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Figure 2.1 — Neutrinos from Natural Sources. Shown are predicted spec-
tra of the cosmic neutrino background (C⌫B) [37], solar neutrinos [38],
terrestrial neutrinos [39], the supernova 1987a and the di↵use super-
nova neutrino background [40], atmospheric neutrinos [41], neutrinos
from active galactic nuclei (AGN) [42–44] and from gamma ray bursts
(GRB) [45], and cosmogenic neutrinos (GZK) [46].
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High-Energy Cosmic Neutrino Flux

0.01 0.1 1 10 102 103 104 105 106 107 108 109

E [TeV]

10�9

10�8

10�7

10�6

10�5

10�4

10�3

E
2 f n

+
n̄

[G
eV

cm
�

2
s�

1
sr

�
1 ]

IC HESE

Auger E�2

ANITA E�2

IC E�2

IC nµ + n̄µ

atmo. ne + n̄e
(before HESE veto)

atmo. nµ + n̄µ
(before HESE veto)

neutrino fluxes and upper limits

(per flavor)

[Ahlers & Halzen, 2018]



�4

High-Energy Cosmic Neutrino Flux

0.01 0.1 1 10 102 103 104 105 106 107 108 109

E [TeV]

10�9

10�8

10�7

10�6

10�5

10�4

10�3

E
2 f n

+
n̄

[G
eV

cm
�

2
s�

1
sr

�
1 ]

IC HESE

Auger E�2

ANITA E�2

IC E�2

IC nµ + n̄µ

atmo. ne + n̄e
(before HESE veto)

atmo. nµ + n̄µ
(before HESE veto)

neutrino fluxes and upper limits

(per flavor)

[Ahlers & Halzen, 2018]

� / E�2.19

Up-going Muon Tracks 


8 years Observation ➛ 6.7𝜎 

~ 500 astrophysical neutrinos
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Supplementary Methods and Tables – S10

EVENT 30

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

129+14
�12 56115.7283574 �82.7 103.2 8.0 Shower

� / E�2.92

High-Energy Starting Events 

7.5 years Observation ➛ 8𝜎


100 events (all flavor)

� / E�2.19

Up-going Muon Tracks 


8 years Observation ➛ 6.7𝜎 

~ 500 astrophysical neutrinos
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Supplementary Methods and Tables – S10

EVENT 30

Deposited Energy (TeV) Time (MJD) Declination (deg.) RA (deg.) Med. Ang. Resolution (deg.) Topology

129+14
�12 56115.7283574 �82.7 103.2 8.0 Shower

� / E�2.92

High-Energy Starting Events 

7.5 years Observation ➛ 8𝜎


100 events (all flavor)

� / E�2.19

Up-going Muon Tracks 


8 years Observation ➛ 6.7𝜎 

~ 500 astrophysical neutrinos

• Observation confirmed in 
independent channels.


• Hardening of the spectrum at 
high energies.


• Low-energy excess hinting at 
spectral features.


• fluxes are compatible in the 
common energy range
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Arrival Direction of the Highest Energy Neutrinos
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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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Cosmic Neutrino sources?
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Neutrino source searches
• All sky scan: looking for the excess of neutrinos on top of the 

isotropic background. Does not depend on pre-identified 
sources, suffers from large trials. 

• Source list Search: looking for excess around potential 
sources, lower number of trials but need to know where to 
look. 

• Catalog Search: looking for correlation with a class of source, 
lower flux needed to identify signal  

• Realtime Search & Follow ups: benefits from known location 
and lower background.
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Neutrino source searches
• All sky scan: looking for the excess of neutrinos on top of the 

isotropic background. Does not depend on pre-identified 
sources, suffers from large trials. 

• Source list Search: looking for excess around potential 
sources, lower number of trials but need to know where to 
look. 

• Catalog Search: looking for correlation with a class of source, 
lower flux needed to identify signal  

• Realtime Search & Follow ups: benefits from known location 
and lower background. Next talk by Mike Richman
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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.▪

RESEARCH

The IceCube Collaboration et al., Science 361, 146 (2018) 13 July 2018 1 of 1

The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

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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Read the full article
at http://dx.doi.
org/10.1126/
science.aat1378
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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g

RESEARCH
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*IceCube Collaboration authors and affiliations are listed in the
supplementary materials.
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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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The IceCube Collaboration et al., Science 361, 146 (2018) 13 July 2018 1 of 1

The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

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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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g
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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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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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NEUTRINO ASTROPHYSICS

Neutrino emission from the direction
of the blazar TXS 0506+056 prior to
the IceCube-170922A alert
IceCube Collaboration*†

A high-energy neutrino event detected by IceCube on 22 September 2017 was coincident in
direction and time with a gamma-ray flare from the blazar TXS 0506+056. Prompted by
this association, we investigated 9.5 years of IceCube neutrino observations to search for
excess emission at the position of the blazar. We found an excess of high-energy neutrino
events, with respect to atmospheric backgrounds, at that position between September 2014
and March 2015. Allowing for time-variable flux, this constitutes 3.5s evidence for neutrino
emission from the direction of TXS 0506+056, independent of and prior to the 2017 flaring
episode. This suggests that blazars are identifiable sources of the high-energy astrophysical
neutrino flux.

T
he origin of the highest-energy cosmic rays
is believed to be extragalactic (1), but their
acceleration sites remain unidentified. High-
energy neutrinos are expected to be pro-
duced in or near the acceleration sites when

cosmic rays interact with matter and ambient
light, producing charged mesons that decay into
neutrinos and other particles. Unlike cosmic rays,
neutrinos can travel through the Universe un-
impeded by interactions with other particles and
undeflected bymagnetic fields, providing ameans
to identify and study the extreme environments
producing cosmic rays (2). Blazars, a class of active
galactic nuclei with powerful relativistic jets
pointed close to our line of sight (3), are prom-
inent candidate sources of such high-energy
neutrino emission (4–9). The electromagnetic
emission of blazars is observed to be highly var-
iable on time scales from minutes to years (10).
The IceCube Neutrino Observatory (11) is a

high-energy neutrino detector occupying an in-
strumented volume of 1 km3within the Antarctic
ice sheet at the Amundsen-Scott South Pole Sta-
tion. The detector consists of an array of 86
vertical strings, nominally spaced 125 m apart
and descending to a depth of approximately
2450m in the ice. The bottom 1 km of each string
is equipped with 60 optical sensors that record
Cherenkov light emitted by relativistic charged
particles passing through the optically transpar-
ent ice. When high-energy muon neutrinos in-
teract with the ice, they can create relativistic
muons that travel many kilometers, creating a
track-like series of Cherenkov photons recorded
when they pass through the array. This allows the
reconstruction of the original neutrino direction

with a median angular uncertainty of 0.5° for a
neutrino energy of ~30 TeV (or 0.3° at 1 PeV)
(12, 13).
IceCube discovered the existence of a diffuse

flux of high-energy astrophysical neutrinos in
2013 (14, 15). Measurements of the energy spec-
trum have since been refined (16, 17), indicating
that the neutrino spectrum extends above several
PeV. However, analyses of neutrino observations
have not succeeded in identifying individual
sources of high-energy neutrinos (12, 18). This
suggests that the sources are distributed across
the sky and that even the brightest individual
sources contribute only a small fraction of the
total observed flux.
Recently, the detection of a high-energy neutri-

no by IceCube, together with observations in
gamma rays and at other wavelengths, indicates
that a blazar, TXS0506+056, located at right ascen-
sion (RA) 77.3582° anddeclination (Dec) +5.69314°
(J2000 equinox) (19) may be an individually iden-
tifiable source of high-energy neutrinos (20). The
neutrino-candidate event, IceCube-170922A, was
detected on 22 September 2017, selected by the
Extremely High Energy (EHE) online event filter
(21), and reported as a public alert (22). EHE
alerts are currently sent at a rate of about four
per year, and are based on well-reconstructed,
high-energy muon-track events. The selection
threshold is set so that approximately half of
the events are estimated to be astrophysical neu-
trinos, the rest being atmospheric background
events. After the alert was sent, further studies
refined the directional reconstruction, with best-
fitting coordinates of RA 77:43þ0:95

"0:65 and Dec
þ5:72þ0:50

"0:30 (degrees, J2000, 90% containment
region). The most probable neutrino energy was
estimated to be 290 TeV, with a 90% confidence
level lower limit of 183 TeV (20).
It was soon determined that the direction of

IceCube-170922A was consistent with the loca-

tion of TXS 0506+056 and coincident with a
state of enhanced gamma-ray activity observed
since April 2017 (23) by the Large Area Telescope
(LAT) on the Fermi Gamma-ray Space Telescope
(24). Follow-up observations of the blazar led to
the detection of gamma rays with energies up to
400 GeV by the Major Atmospheric Gamma
Imaging Cherenkov (MAGIC) Telescopes (25, 26).
IceCube-170922A and the electromagnetic obser-
vations are described in detail in (20). The sig-
nificance of the spatial and temporal coincidence
of the high-energy neutrino and the blazar flare
is estimated to be at the 3s level (20). On the
basis of this result, we consider the hypothesis
that the blazar TXS 0506+056 has been a source
of high-energy neutrinos beyond that single event.

Searching for neutrino emission

IceCube monitors the whole sky and has main-
tained essentially continuous observations since
5 April 2008. Searches for neutrino point sources
using two model-independent methods, a time-
integrated and a time-dependent unbinned max-
imum likelihood analysis, have previously been
published for the data collected between 2008
and 2015 (12, 18, 27). Here, we analyze the same
7-year data sample supplemented with additional
data collected from May 2015 until October 2017
(21). The data span 9.5 years and consist of six
distinct periods, corresponding to changing detec-
tor configurations, data-taking conditions, and
improved event selections (Table 1).
The northern sky, where TXS 0506+056 is

located, is observed through Earth by IceCube.
Approximately 70,000 neutrino-induced muon
tracks are recorded each year from this hemi-
sphere of the sky after passing the final event
selection criteria. Fewer than 1% of these events
originate from astrophysical neutrinos; the vast
majority are background events caused by neu-
trinos ofmedian energy ~1 TeV created in cosmic
ray interactions in the atmosphere over other
locations on Earth. However, for an astrophysical
muon-neutrino flux where the differential num-
ber of neutrinos with energy E scales as dN/dE ~
E–2, the distribution of muon energies is different
than for the background atmospheric neutrino
flux, which scales as ~E–3.7 (17). This allows for
further discriminating power in point source
searches besides directional-only excesses.
A high-significance point source detection

(12, 18) can require as few as two or three, or as
many as 30, signal events to stand out from the
background, depending on the energy spectrum
and the clustering of events in time. To search
for a neutrino signal at the coordinates of TXS
0506+056, we apply the standard time-integrated
analysis (28) and time-dependent analysis (29)
that have been used in past searches (12, 18, 27).
The time-integrated analysis uses an unbinned
maximum likelihood ratio method to search for
an excess number of events consistent with a
point source at a specified location, given the
angular distance and angular uncertainty of each
event. Energy information is included in the def-
inition of the likelihood, assuming a power-law
energy spectrum E–g , with the spectral index g
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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
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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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article online.
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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).

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 4

[IceCube, Science 2018]

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


• Angular distance from TXS 0506+056: 0.1°.


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


•Multi-wavelength observation available from multimessenger follow-up campaign.



TXS 0506+056
ISP BL Lac located at Redshift 0.3365 [Paiano+ 2018]

Among the 50 brightest Fermi blazars.

Outshines nearby sources.


Highest energy gamma ray 
source in EGRET above 40 GeV 
[Dingus & Bertsch 2001]. 
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13±5 signal events rejecting 
background hypothesis at 3.5𝜎
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TXS 0506+056 Neutrino Flare in 2014

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.

2009 2010 2011 2012 2013 2014 2015 2016 2017
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IceCube-170922A

Gaussian Analysis

Box-shaped Analysis

1�

2�

3�

4�

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.

6

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
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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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Neutrino & 𝛾-ray emission
• Two independent analyses provided 

evidence for neutrino emission of TXS 
0506+056. 


• The 9.5 year averaged flux of neutrinos 
from TXS 0506+056 is dominated by the 
2014 burst.


• 𝛾-ray enhancement coincident with IC 
170922A.


• No enhanced 𝛾-ray activity for the neutrino 
burst in 2014. Hardening of the spectrum 
found at the level of ~ 2𝜎.[Padovani+2018, 
Garrappa+ 2018]


• 𝛾-ray enhancement not expected, if the 
source is an efficient neutrino emitter with 
high radiation density. [Halzen, AK+, 2018]

S. Garrappa et al.: TXS 0506+056 and GB6 J1040+0617

March, with a post-trials significance of 3.5� . This excess
was found using time-windows of variable width, with both
a box-shaped and a Gaussian kernel finding the same ex-
cess with comparable significance. The best-fit Gaussian is
centered at MJD 57004 with a width corresponding to two
times the standard deviation of 110 days and the box func-
tion covers the 158-day time range between MJD 56928 and
57086. The fit based on the box function provides a straight-
forward definition of the start and end times of the fitted
neutrino emission. We note that, assuming that the signal is
Gaussian, one can show analytically that the optimal box-
shaped time window in terms of signal/sqrt(background) is
1.5 times the width of the Gaussian, which matches well
with the length of the box time window that was found. In
the following, we refer to this excess as the neutrino flare
and adopt the parameters of the box kernel.

The gamma-ray source TXS 0506+056 at Dec= +5�.69,
RA= 77�.36 lies well within the 50% neutrino error circle
at a distance of 0�.1 from the best fit neutrino position (see
the gamma-ray count map in Fig. 1). The source is listed
in the 3FGL as well as 3FHL as 3FGL J0509.4+0541 and
3FHL J0509.4+0541, respectively (Acero et al. 2015; Ajello
et al. 2017). The 3FGL catalog is based on gamma-ray data
in the energy range of 100 MeV to 300 GeV, whereas the
3FHL catalog is focused on energies above 10 GeV. We note
that TXS 0506+056 is also in the 2FHL (Ackermann et al.
2016) catalog based on gamma-ray data above 50 GeV iden-
tifying it already as a potential target for very-high-energy
gamma-ray emission. TXS 0506+056 is among the brightest
4.4% (5.9%) sources in 3FGL (3FHL) in terms of gamma-
ray energy flux within the energy bounds of the correspond-
ing catalog (see also Padovani et al. 2018). We consider the
gamma-ray energy flux more likely to be correlated with the
neutrino flux than the gamma-ray number flux. Gamma
rays accompanying the neutrino production are likely to
cascade down to lower energies, not conserving the number
flux, but the energy flux. The redshift of TXS 0506+056
was measured to be z = 0.336 by Ajello et al. 2014 (later
confirmed by Paiano et al. 2018, z = 0.3365± 0.0010).

4.1. Spectral Analysis

We analyse 9.6 years of Fermi -LAT data in the
TXS 0506+056 region starting from 100 MeV. The source-
finding algorithm finds one additional source with TSdet

7
>

25 at a distance of 2�.37 from TXS 0506+056. This source
is also included in the preliminary 8-year source list,
FL8Y, provided by the Fermi -LAT collaboration8 as FL8Y
J0518.4+0715.

In the 3FGL catalog (based on 4 years of data) the SED
of the source is modeled with a power-law function. We find
that for the almost ten-year data set a log-parabola model
is preferred with a test statistic (TS) testing the different
spectral shape models of TSSS = �2(logLPL� logLLP ) =
374.3 (i.e. the log-parabola model describes the data better
with a significance of 19�). Here LPL and LLP are the
maximum likelihoods evaluated for the power-law and log-
parabola spectral model respectively.

7 TSdet describes the difference in the maximum logL of an
ROI model with and without the source.
8 FL8Y preliminary source list https://fermi.gsfc.nasa.
gov/ssc/data/access/lat/fl8y/

Fig. 2. Spectral energy distribution of TXS 0506+056. Fermi-
LAT data of the whole 9.6-years range are shown as gray crosses
and the best-fit spectral model including statistical uncertainties
is overlaid as gray band. Arrows indicate 95% upper limits. The
SED of the 2017/18 gamma-ray flare is shown in green. The or-
ange contour shows the SED during the 2014/15 neutrino flare
modeled with a power-law function where both normalization
and photon index are free to vary. The blue contour shows the
log-parabola fit to the 2014/15 dataset, where only the normal-
ization is left free to vary and the spectral parameters ↵ and �
are fixed to the 9.6-year average values.

We obtain a best-fit model of ↵ = 2.03±0.02, � = 0.05±
0.01 and N0 = (4.16±0.08)⇥10�12 cm�2 s�1 MeV�1 (Fig. 2,
gray SED). The scale parameter Eb is fixed to 1.44GeV.

We follow the standard parameter definitions:

dN

dE
= N0

✓
E

Eb

◆�(↵+� log(E/Eb))

. (1)

The SED of the neighboring source PKS 0502+049
(Dec=+4�.99, RA=76�.35, J2000), located 1�.23 from
TXS 0506+056, is well-modeled by a log-parabola function
with best fit values of ↵ = 2.34 ± 0.02, � = 0.10 ± 0.01
and N0 = (1.08 ± 0.02) ⇥ 10�11 cm�2 s�1 MeV�1. Al-
though TXS 0506+056 is less bright than PKS 0502+049
for energies below 1GeV, its energy flux integrated
over the whole analysis energy range results in (5.10 ±
0.18) ⇥ 10�5 MeVcm�2 s�1 compared to (4.18 ± 0.08) ⇥
10�5 MeVcm�2 s�1 of the nearby source.

The gamma-ray sky region is well described by the best-
fit model, as can be seen in the residual map shown in
Fig. 1 (bottom left), which does not show any significant
structure.

4.2. Light Curve Analysis

We produce an adaptively-binned (AB) light curve for
TXS 0506+056, following the procedure in Lott et al.

Article number, page 5 of 17
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Fig. 3. Adaptive binned light curve for TXS 0506+056. The three panels show gamma-ray flux above 300MeV including the
Bayesian Block representation shown in black (panel 1), power-law spectral index (panel 2) and gamma-ray flux above 800MeV
(panel 3). The average spectral index is shown as horizontal dashed green line in panel 2. The third panel additionally includes
photons above 10 GeV shown with red stars.

compared to the average 9.6-years SED. The normaliza-
tion during the sub-flares is 6.09, 6.37 and 5.1 times larger
compared to the low-state defined over 700 days. Integrat-
ing over the whole flare duration we find 39 (5) photons
above 10 GeV (50 GeV), which is compatible with the ex-
pected number of photons assuming the average spectral
shape and a normalization fitted in the flare time window
of 44.37 (4.16).

5. IceCube-141209A

The High-Energy Starting (HESE) muon-track Event
IceCube-141209A (event 63 in IceCube Collaboration et al.
2017) was detected on 2014 December 9 at 03:26:04.704
UTC (MJD 57000.14311). To obtain the reconstructed neu-
trino direction a full likelihood scan is applied on a nar-

Fig. 4. Zoomed-in gamma-ray light curve of TXS 0506+056
around the arrival time of IceCube-170922A (shown in orange)
and the bright gamma-ray flare. The black curve shows the re-
sult of the Bayesian Block algorithm.
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• [Garrappa+ 2018]
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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.



Energy [TeV]
4−10 3−10 2−10 1−10 1 10 210 310

]
-1

 s
-2

 d
N

/d
E 

Fl
ux

 [T
eV

 c
m

2 E

13−10

12−10

11−10

10−10

9−10
 G cascade-1910× = 3IGMFB
 G total-1910× = 3IGMFB

 G cascade-16 = 10IGMFB
 G total-16 = 10IGMFB

Fermi data
Intrinsic spectra
Internal gamma-ray spectrum

• Identification of TXS 0506+056 and correlation 
studies demonstrate that the 𝛾-neutrino 
connection could be complicated. 


• If the sources are efficient producers of 
neutrinos, they become opaque to the very 
high-energy 𝛾-rays. 


• EBL absorption plus large intergalactic 
magnetic filed makes it difficult to observe the 
possible enhancement for such sources.


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


• Stationary target photon scenario is favored. 
[Reimer+2018]


• X-ray and soft gamma ray measurements are 
essential to obtain complete understanding of 
emission mechanism.
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𝛾-Neutrino Connection

6 Reimer et al.

field through photon-photon pair production, and is ei-
ther driven by mainly inverse Compton scattering in the
same radiation field (’Compton-supported cascades’) if
u′
t ≫ u′

B (with u′
B the magnetic field energy density),

by synchrotron radiation (’synchrotron-supported cas-
cades’) if u′

t ≪ u′
B, or by both (’synchrotron-Compton

cascades’) in cases where the magnetic field energy den-
sity turns out to be comparable to the target photon
energy density. Once the cascade photons reach down
to energies too low for pair production, the cascade de-
velopment ceases, and the remaining pairs lose their en-
ergy via inverse Compton and/or synchrotron emission.
The emerging photon spectrum is governed by both, the
energy-dependent photon-photon pair production optical
depth, and the dominating radiative dissipation process.
The pair cascading code employs the matrix multipli-

cation method described by Protheroe & Stanev (1993)
and Protheroe & Johnson (1996). Monte Carlo pro-
grams for photon-photon pair production and inverse
Compton scattering are used to calculate the mean in-
teraction rates (see Fig. 4) and the secondary particle
and photon yields due to the interaction with the tar-
get radiation field. Note that inverse Compton scatter-
ing during the cascading proceeds in the Klein-Nishina
regime, and transitions to the Thomson regime only be-
low the threshold for pair production. The calculation of
the synchrotron yields follows Protheroe (1990) (see also
Pacholczyk 1970). The yields are then used to build-up
transfer matrices which describe the change in the elec-
tron and photon spectra after propagating a given time
step δt, which we chose as the dynamical time scale of
the problem. The escape probability for photons is cal-
culated using the formula given in Osterbrock & Ferland
(2006) for a spherical region, while charged particles are
assumed not to escape. For steady-state spectra we con-
tinue the transfer process until convergence is reached.
In each time step energy conservation is verified.
In the following, all the photon models are generated

with a normalization that yields the observed neutrino
flux.

3.2.1. Compton-supported Cascades

If inverse Compton scattering supports the cascade
(u′

t ≫ u′
B), the emerging photon spectra are fully de-

termined once the opacity due to photon-photon pair
production is fixed, because τγγ ∝ τIC. This energy-
dependent opacity in turn is related to the optical depth
of photon-proton interactions, which itself is linked to
the neutrino spectral flux (see Sect. 3.1). Compton-
supported cascading on the minimal target photon field
(as determined in Sect. 3.1) therefore provides the cor-
responding minimal cascade flux for u′

t ≫ u′
B. In

the following we choose to vary the maximum of the
energy-dependent photon-photon opacity, τγγ,max (which
here serves as a proxy for (R′ · u′

t)) to calculate the
corresponding cascade spectra. Figs. 5 – 8 show our
results for Doppler factors D = 1, 10 and 50 and
log(τγγ,max) = −6,−5, . . . , 0, 1, 2, covering the optically
thin and thick cases, and compares them to the MWL
SED of TXS 0506+056 during the period of the neutrino
flare. The shaded areas represent the spread of the cas-
cade spectra (shown for selected τγγ,max = 10−5, 1, 100
as examples) due to the uncertainties in the observed
neutrino spectrum.

Figure 5. Compton-supported cascade spectra arriving at Earth
without (thin lines) and including absorption in the EBL (thick
lines) using the model of Franceschini & Rodighiero (2017) for
−4 (short dashed line), −3 (dashed-dotted line), −2 (dashed-
triple-dotted line), −1 (long dashed line) as indicated, and D =
10. The shaded areas represent the spread of the cascade spec-
tra, for the case τγγ,max = 10−3 as an example, propagated
from the uncertainties of the observed neutrino spectrum. The
red data points (ASAS-SN, SWIFT-BAT, Fermi-LAT) depict
the quasi-simultaneous observations while the grey data points
represent archival data (Aartsen et al. 2018a). VHE data (all
MAGIC data from Ansoldi et al. (2018); all VERITAS data from
Abeysekara et al. (2018), HAWC archival data from Aartsen et al.
(2018a)) are not simultaneous to the 2014/15 neutrino flare and
are included in grey.

Figure 6. Compton-supported cascade spectra arriving at Earth
without (thin lines) and including absorption in the EBL (thick
lines) for log(τγγ,max) = 0, 1, 2 as indicated, and D = 10. The
shaded areas represent the spread of the cascade spectra, for the
case τγγ,max = 1 as an example, propagated from the uncertain-
ties of the observed neutrino spectrum. For the τγγ,max = 1-case
we have also added the corresponding proton synchrotron radia-
tion component for two sub-equipartion (u′

B ≪ u′

t) field strengths:
0.5 G (solid line), 3 G (dashed line). The data points are the same
as shown in Fig. 5.

The cascade spectra at source (thin lines) are
then corrected for absorption in the extragalac-
tic background light (EBL) using the model of
Franceschini & Rodighiero (2017). EBL-corrected cas-
cade spectra are shown as thick lines. For τγγ,max ≪ 1
(e.g., Fig. 5), internal absorption can be neglected, and

[Halzen, AK+, APJL 2018]

[Reimer+2018]
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Fig. 7 Local p-value landscape around the source position of the most
significant spot in the sky scan in equatorial coordinates (J2000). Neu-
trino event arrival directions are indicated by small circles where the
area of the circles is proportional to the median log10 of neutrino en-
ergy assuming the diffuse best-fit spectrum. The p-value is evaluated at
the point where the black lines cross.
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Fig. 8 Single-flavor neutrino and anti-neutrino flux per source vs num-
ber of sources. An unbroken E�2 power law and equal fluxes of the
sources at Earth are assumed. Solid lines show 90% CL upper limits
and dashed lines indicate the sensitivity. Upper limits and sensitivity
are calculated assuming that background consists of atmospheric neu-
trinos only and exclude an astrophysical component. Thus the limits
are conservative, especially for small number of sources. For compari-
son, the results from [16, 49] are given. The dotted line gives the flux
per source that saturates the diffuse flux from Ref. [7].

4.4 Population test in the a piori source list

The most significant combination of p-values from the
a priori source list is given when combining the three
most significant p-values, i.e. k = 3, with 2.59s as shown

4The 90% CL upper limit from Ref. [16] has been recalculated to ac-
count for an incorrect treatment of signal acceptance in the original
publication.
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Fig. 9 Sensitivity (dashed) and 5s discovery potential (solid) of the
flux normalization for an E�2 source spectrum as function of the sind .
For comparison, the lines from [16] are shown as well. 90% CL Ney-
man upper limits on the flux normalization for sources in the a priori
and monitored source list are shown as circles and squares, respec-
tively.

in Fig. 12. The comparison with background pseudo-
experiments yields a trial-corrected p-value of 6.6% (4.1%)
which is not significant.

4.5 Monitored source list

The best-fit results for TXS 0506+056 in the monitored
source list are given in Tab. 3. Note that the event selec-
tion ends in May 2017 and thus does not include the time
of the alert ICECUBE-170922A [51] that led to follow-up
observations and the discovery of g-ray emission from that
blazar up to 400 GeV. The data, however, include the earlier
time-period of the observed neutrino flare. The local p-value
here is found to be 2.93%. This is less significant than the
reported significance of the time-dependent flare in [8] but
is consistent with the reported time-integrated significances
in [8], when taking into account that this analysis has a prior
on the spectral index of the source flux and does not cover
the same time-range as in [8].

The local p-value landscape around TXS 0506+056 is
shown in Fig. 11 together with the observed event directions
of this sample.

5 Implications on source populations

The non-detection of a significant point-like source and the
non-detection of a population of sources within the sky scan
is used to put constrains on realistic source populations.
In the following calculation, source populations are charac-
terized by their effective nµ + n̄µ single-source luminosity

�16
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13
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Search for Point-Like Sources

• Time integrated unbinned point source hot spot search 
• ~500k events from 8 years (NH) of data, energy-weighted to distinguish 

atmospheric (isotropic) and astrophysical neutrinos
• IceCube & ANTARES a-priori source catalog with 34 source on NH based on γ-observations

4 sources in catalog have local p-value ~1%
• 1 galactic: MGRO J1908
• 2 FSRQ: 4C38.41, 3C454.3
• 1 FR-II radio galaxy: Cyg-A

E> 56 GeV
HAWC, July 2018

→ Compatible with background

8 years of thoroughgoing tracks
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Fig. 7 Local p-value landscape around the source position of the most
significant spot in the sky scan in equatorial coordinates (J2000). Neu-
trino event arrival directions are indicated by small circles where the
area of the circles is proportional to the median log10 of neutrino en-
ergy assuming the diffuse best-fit spectrum. The p-value is evaluated at
the point where the black lines cross.
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Fig. 8 Single-flavor neutrino and anti-neutrino flux per source vs num-
ber of sources. An unbroken E�2 power law and equal fluxes of the
sources at Earth are assumed. Solid lines show 90% CL upper limits
and dashed lines indicate the sensitivity. Upper limits and sensitivity
are calculated assuming that background consists of atmospheric neu-
trinos only and exclude an astrophysical component. Thus the limits
are conservative, especially for small number of sources. For compari-
son, the results from [16, 49] are given. The dotted line gives the flux
per source that saturates the diffuse flux from Ref. [7].

4.4 Population test in the a piori source list

The most significant combination of p-values from the
a priori source list is given when combining the three
most significant p-values, i.e. k = 3, with 2.59s as shown

4The 90% CL upper limit from Ref. [16] has been recalculated to ac-
count for an incorrect treatment of signal acceptance in the original
publication.

0.0 0.2 0.4 0.6 0.8 1.0

sin(d )

10�13

10�12

10�11

10�10

E
2 n

dN
n µ

+
n̄ µ

dE
n

/(
Te

V
/c

m
2

s)
MGRO J1908+06 Cyg A

4C 38.41

3C454.3

TXS 0506+056

Ref. [16]
this work

90% Upper Limit
5s Discovery Potential
Sensitivity

Fig. 9 Sensitivity (dashed) and 5s discovery potential (solid) of the
flux normalization for an E�2 source spectrum as function of the sind .
For comparison, the lines from [16] are shown as well. 90% CL Ney-
man upper limits on the flux normalization for sources in the a priori
and monitored source list are shown as circles and squares, respec-
tively.

in Fig. 12. The comparison with background pseudo-
experiments yields a trial-corrected p-value of 6.6% (4.1%)
which is not significant.

4.5 Monitored source list

The best-fit results for TXS 0506+056 in the monitored
source list are given in Tab. 3. Note that the event selec-
tion ends in May 2017 and thus does not include the time
of the alert ICECUBE-170922A [51] that led to follow-up
observations and the discovery of g-ray emission from that
blazar up to 400 GeV. The data, however, include the earlier
time-period of the observed neutrino flare. The local p-value
here is found to be 2.93%. This is less significant than the
reported significance of the time-dependent flare in [8] but
is consistent with the reported time-integrated significances
in [8], when taking into account that this analysis has a prior
on the spectral index of the source flux and does not cover
the same time-range as in [8].

The local p-value landscape around TXS 0506+056 is
shown in Fig. 11 together with the observed event directions
of this sample.

5 Implications on source populations

The non-detection of a significant point-like source and the
non-detection of a population of sources within the sky scan
is used to put constrains on realistic source populations.
In the following calculation, source populations are charac-
terized by their effective nµ + n̄µ single-source luminosity
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
� log10(plocal). The position of the most significant spot is indicated by a black circle.

Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]
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PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13
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SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13
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Fig. 6 Sky map of the local p-values from the sky scan in equatorial coordinates down to �3� declination. The local p-value is given as
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Table 2 Results of the a priori defined source list search. Coordinates are given in equatorial coordinates (J2000). The fitted spectral index ĝ is
not given as it is effectively fixed by the introduced prior. As discussed in the text, negative T S values are assigned to sources with best-fit n̂s = 0.
Source types abbreviation: BL Lacertae object (BL Lac), Flat Spectrum Radio Quasar (FSRQ), Not Identified (NI), Pulsar Wind Nebula (PWN),
Star Formation Region (SFR), Supernova Remnant (SNR), Starburst / Radio Galaxy (SRG), X-ray Binary and Micro-Quasar (XB/mqso).

Source Type a [deg] d [deg] p-Value T S n̂s E2dNnµ+n̄µ /dE [TeVcm�2 s�1]

4C 38.41 FSRQ 248.81 38.13 0.0080 5.0893 7.69 1.27·10�12

MGRO J1908+06 NI 286.99 6.27 0.0088 4.7933 2.82 7.62·10�13

Cyg A SRG 299.87 40.73 0.0101 4.7199 3.80 1.28·10�12

3C454.3 FSRQ 343.50 16.15 0.0258 2.9675 5.03 8.08·10�13

Cyg X-3 XB/mqso 308.11 40.96 0.1263 0.5695 4.33 8.20·10�13

Cyg OB2 SFR 308.09 41.23 0.1706 0.2554 2.82 7.64·10�13

LSI 303 XB/mqso 40.13 61.23 0.2056 0.1747 2.37 9.93·10�13

NGC 1275 SRG 49.95 41.51 0.2447 0.0230 0.50 6.96·10�13

1ES 1959+650 BL Lac 300.00 65.15 0.2573 0.0717 1.70 9.86·10�13

Crab Nebula PWN 83.63 22.01 0.3213 -0.0197 0.00 4.74·10�13

Mrk 421 BL Lac 166.11 38.21 0.3460 -0.0205 0.00 5.79·10�13

Cas A SNR 350.85 58.81 0.3808 -0.0169 0.00 7.01·10�13

TYCHO SNR 6.36 64.18 0.3893 -0.0219 0.00 7.98·10�13

PKS 1502+106 FSRQ 226.10 10.52 0.3931 -0.1770 0.00 3.57·10�13

3C66A BL Lac 35.67 43.04 0.4265 -0.1089 0.00 5.44·10�13

3C 273 FSRQ 187.28 2.05 0.4285 -0.3705 0.00 2.72·10�13

HESS J0632+057 XB/mqso 98.24 5.81 0.5017 -0.7603 0.00 2.82·10�13

BL Lac BL Lac 330.68 42.28 0.5378 -0.4766 0.00 4.78·10�13

W Comae BL Lac 185.38 28.23 0.5961 -1.0769 0.00 3.88·10�13

Cyg X-1 XB/mqso 299.59 35.20 0.6170 -1.0639 0.00 4.31·10�13

1ES 0229+200 BL Lac 38.20 20.29 0.6257 -1.6867 0.00 3.41·10�13

M87 SRG 187.71 12.39 0.7054 -2.9682 0.00 3.26·10�13

Mrk 501 BL Lac 253.47 39.76 0.7214 -1.9858 0.00 4.58·10�13

PKS 0235+164 BL Lac 39.66 16.62 0.7494 -3.5951 0.00 3.33·10�13

H 1426+428 BL Lac 217.14 42.67 0.7587 -2.5100 0.00 4.86·10�13

PKS 0528+134 FSRQ 82.73 13.53 0.7788 -4.4554 0.00 3.18·10�13

S5 0716+71 BL Lac 110.47 71.34 0.7802 -2.0711 0.00 8.02·10�13

Geminga PWN 98.48 17.77 0.7950 -4.7785 0.00 3.41·10�13

SS433 XB/mqso 287.96 4.98 0.8455 -8.0055 0.00 2.71·10�13

M82 SRG 148.97 69.68 0.8456 -3.5574 0.00 8.04·10�13

3C 123.0 SRG 69.27 29.67 0.9056 -8.2916 0.00 4.11·10�13

1ES 2344+514 BL Lac 356.77 51.70 0.9518 -10.1395 0.00 5.28·10�13

IC443 SNR 94.18 22.53 0.9620 -16.4154 0.00 3.63·10�13

MGRO J2019+37 PWN 305.22 36.83 0.9784 -17.6070 0.00 4.54·10�13
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Search for Point-Like Sources

• Time integrated unbinned point source hot spot search 
• ~500k events from 8 years (NH) of data, energy-weighted to distinguish 

atmospheric (isotropic) and astrophysical neutrinos
• IceCube & ANTARES a-priori source catalog with 34 source on NH based on γ-observations

4 sources in catalog have local p-value ~1%
• 1 galactic: MGRO J1908
• 2 FSRQ: 4C38.41, 3C454.3
• 1 FR-II radio galaxy: Cyg-A

E> 56 GeV
HAWC, July 2018

→ Compatible with background

10 year update:  

Tessa Carver’s talk on Friday!

8 years of thoroughgoing tracks
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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-BL Lacs 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-BL Lacs 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-BL Lacs 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.

102 103 104 105 106 107 108 109

Neutrino Energy [GeV]

10�10

10�9

10�8

10�7

10�6
E

2
d
�

d
E

⌫ µ
[G

eV
s�

1
cm

�
2
sr

�
1
]

7%

19% � 27%

Astrophysical Di�use FluxAstrophysical Di�use Flux
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2LAC Blazar Upper Limit
�SI = �2.5, E⌫ > 10 TeV

�SI = �2.2, E⌫ > 10 TeV

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
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High-Energy Blazars

• Stacking search with 862 Sources Fermi 2LAC Blazars.


• Upper limit on the steady state flux contribution of resolved blazars. 


• Depends highly on the input hypothesis

[IceCube, APJ 2017]
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Intense Blazar Flares
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Perspective:  history of γ-ray flux from 3C 279 

2008 Aug-2010 Aug 
 (Hayashida+12, ApJ) 

2013 Nov – 2014 Apr 
 (Hayashida+15, ApJ) 

7 year light curve (2008 Aug. – 2015 Aug.) 
2015 June 

Fermi-LAT: > 100 MeV  
(1 day bin) 

preliminary 

Three large outbursts with flux (>100 MeV) (1 day average) 

1.  2013 December 20 :   6.0 x 10-6 ph cm-2 s-1 
2.  2014 April 03 ��  :   6.4 x 10-6 ph cm-2 s-1 
3.  2015 June 16  ���: 24.3 x 10-6 ph cm-2 s-1 

1" 2" 3"

3 11 Nov. 2015, 6th Fermi Sym. Masaaki Hayshida (ICRR, U. Tokyo) 

• 3C 279 was one of the EGRET brightest 
AGN, and the first TeV FSRQ discovered by 
MAGIC.


• Intense flare exceeded the steady flux by a 
factor of 40.


• Likely to be seen in IceCube, if gamma rays 
originated in hadronic interactions [Halzen & 
AK, APJ2016].


• No significant excess in IceCube. Upper 
limit of 2.18 events.
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Gamma ray bursts
• Cosmic ray acceleration in GRBs could lead to neutrino 

emission at different stages: precursor, burst, and afterglow.

Gamma-Ray Bursts

• Neutrino production at various stages of a gamma-ray burst (GRB).

‹ precursor pp and pg interactions in stellar envelope;
also possible for “failed” GRBs [Razzaque,Meszaros&Waxman’03]

‹ burst pg interactions in internal shocks [Waxman&Bahcall’97]

‹ afterglow pg interactions in reverse external shocks
[Waxman&Bahcall’00;Murase&Nagataki’06;Murase’07]

presence of a jet (34–37). Whether or not a
jet is present, such energies are in principle
achievable for bursts arising from stellar pro-
genitors, but a poorly understood issue is how
this energy is converted into an ultrarelativ-
istic, and possibly collimated, bulk outflow.

An observation that attracted much at-
tention was the discovery (38) of a prompt
and extremely bright (visual magnitude mv

! 9) optical flash in GRB990123, 15 s after
the GRB started (and while it was still
going on). This is generally interpreted (23,
39) as the radiation from the reverse com-
ponent of the external shock. However,
such bright prompt flashes may be rare
because they have not yet been detected
from other bursts. Two other noteworthy
developments are the possibility of a rela-
tion between the differential time lags for
the arrival of burst pulses at different ener-
gies and the luminosity (40), and between
the degree of variability or spikiness of the
"-ray light curve variability and the lumi-
nosity (41, 42). These hypotheses are based
on data for bursts where an optical redshift
allows a determination of the luminosity,
under the assumption of isotropy. These

correlations are still tentative, but if con-
firmed they could be used to derive inde-
pendent estimates of the redshift of a GRB.

Progenitors and Environment
The progenitors of GRBs are not yet well iden-
tified. The current view of most researchers is
that GRBs arise in a very small fraction
(!10# 6) of stars that undergo a catastrophic
energy release event toward the end of their
evolution. One class of candidates involves
massive stars whose core collapses (43–45),
probably in the course of merging with a com-
panion; these are often referred to as hyperno-
vae or collapsars (46). Another class of candi-
dates consists of neutron star (NS) binaries or
neutron star–black hole (BH) binaries (12, 13,
47, 48), which lose orbital angular momentum
by gravitational wave radiation and undergo a
merger. Both of these progenitor types are ex-
pected to lead to the formation of a black hole
whose mass is several times that of the sun
(MJ), surrounded by a temporary debris torus
whose accretion can provide a sudden release
of gravitational energy, with similar total ener-
gies (49), sufficient to power a burst. An e$ , "
fireball arises from the enormous compression-

al heating and dissipation associated with the
accretion, possibly involving a small fraction of
baryons and magnetic fields in excess of 1015

G, which can provide the driving stresses lead-
ing to the relativistic expansion. This fireball
may be substantially collimated if the progeni-
tor is a massive star, where an extended, fast-
rotating envelope can provide a natural escape
route or funnel for the fireball along the rotation
axis (Fig. 3). Other possible alternatives include
the formation from a stellar collapse of a fast-
rotating neutron star with an ultrahigh magnetic
field (50–52) or the tidal disruption of compact
stars by 105 to 106 MJ black holes (53).

Observations related to the possible progen-
itors are restricted, so far, to the class of long
bursts (of "-ray durations tb ! 10 to 103 s),
because BeppoSAX is mainly sensitive to
bursts longer than about 5 to 10 s. For these
long bursts, the fading x-ray and optical after-
glow emission is predominantly localized with-
in the optical image of the host galaxy. In most
cases it is offset from the center, but in a few
cases (out of a total of about 20) it is near the
center of the galaxy (11). This is in disagree-
ment with current simple calculations of NS-
NS mergers, which suggest that high spatial

Fig. 3. Schematic GRB from a mas-
sive stellar progenitor, resulting in
a relativistic jet that undergoes in-
ternal shocks, producing a burst of
"-rays and (as it decelerates
through interaction with the ex-
ternal medium) an external shock
afterglow, which leads successive-
ly to "-rays, x-rays, optical, and
radio. Iron lines may arise from
x-ray illumination of a pre-ejected
shell (e.g., supernova remnant)
(60) or from continued x-ray irra-
diation of the outer stellar enve-
lope (67).

Fig. 4 (left). Comparison (26) of
the observed light curves of the
afterglow of GRB970228 at vari-
ous wavelengths with the simple
blast wave model predictions
(23). Fig. 5 (right). Snapshot
spectrum of GRB970508 at t %
12 days after the burst, compared
to a standard afterglow synchro-
tron shock model fit (29).

www.sciencemag.org SCIENCE VOL 291 5 JANUARY 2001 81
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[Meszaros’01]

Markus Ahlers (NBI) Neutrinos and g-rays from Extragalactic Sources August 28, 2018 slide 13• Strong limit on “fireball” model of 
neutrino emission in the absence 
of coincident neutrinos. 

Gamma-Ray Bursts

• strong limits on neutrino emission associated with “fireball” model [Abbasi et al.‘12]

‹ PeV neutrino flux exceeds GRB limit by one order of magnitude.

[IceCube’16]

Markus Ahlers (NBI) Neutrinos and g-rays from Extragalactic Sources August 28, 2018 slide 14

[Razzaque+2003, Waxman+ 1997, Murase+2006]

[Mezaros 2001]

[IceCube, APJ 2016]
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Figure 1. Localizations and sensitive sky areas at the time of the GW event in equatorial coordinates: GW 90% credible-level localization
(red contour; Abbott et al. 2017c), direction of NGC 4993 (black plus symbol; Coulter et al. 2017a), directions of IceCube’s and ANTARES’s
neutrino candidates within 500 s of the merger (green crosses and blue diamonds, respectively), ANTARES’s horizon separating down-going
(north of horizon) and up-going (south of horizon) neutrino directions (dashed blue line), and Auger’s fields of view for Earth-skimming (darker
blue) and down-going (lighter blue) directions. IceCube’s up-going and down-going directions are on the northern and southern hemispheres,
respectively. The zenith angle of the source at the detection time of the merger was 73.8� for ANTARES, 66.6� for IceCube, and 91.9� for
Auger.

the interaction of cosmic ray particles with the atmosphere
above the detectors. This discrimination is done by consid-
ering the observed direction and energy of the charged par-
ticles. Surface detectors focus on high-energy (& 1017eV)
showers created close to the detector by neutrinos from near-
horizontal directions. In-ice and in-water detectors can select
well-reconstructed track events from the up-going direction
where the Earth is used as a natural shield for the dominant
background of penetrating muons from cosmic ray showers.
By requiring the neutrino interaction vertex to be contained
inside the instrumented volume, or requiring its energy to
be sufficiently high to be incompatible with the down-going
muon background, even neutrino events originating above
the horizon are identifiable. Neutrinos originating from cos-
mic ray interactions in the atmosphere are also observed and
constitute the primary background for up-going and vertex-
contained event selections.

All three observatories, ANTARES, IceCube, and Auger,
performed searches for neutrino signals in coincidence with
the binary neutron star merger event GW170817, each us-
ing multiple event selections. Two different time windows
were used for the searches. First, we used a ±500 s time
window around the merger to search for neutrinos associated
with prompt and extended gamma-ray emission (Baret et al.
2011; Kimura et al. 2017). Second, we searched for neutrinos
over a longer 14-day time window following the GW detec-
tion, to cover predictions of longer-lived emission processes
(e.g., Gao et al. 2013; Fang & Metzger 2017).

2.1. ANTARES

The ANTARES neutrino telescope has been continuously
operating since 2008. Located deep (2500 m) in the Mediter-
ranean Sea, 40 km from Toulon (France), it is a 10 Mt-
scale array of photosensors, detecting neutrinos with energies
above O(100) GeV.

Based on the originally communicated locations of the
GW signal and the GRB detection, high-energy neutrino can-
didates were initially searched for in the ANTARES online
data stream, relying on a fast algorithm which selects only
up-going neutrino track candidates (Adrián-Martı́nez et al.
2016b). No up-going muon neutrino candidate events were
found in a ±500 s time window centered on the GW event
time – for an expected number of atmospheric background
events of ⇠ 10�2 during the coincident time window. An ex-
tended online search during ±1 h also resulted in no up-going
neutrino coincidences.

As it subsequently became clear, the precise direction of
origin of GW170817 in NGC 4993 was above the ANTARES
horizon at the detection time of the binary merger (see Fig. 1).
Thus, a dedicated analysis looking for down-going muon
neutrino candidates in the online ANTARES data stream was
also performed. No neutrino counterparts were found in this
analysis. The results of these low-latency searches were
shared with follow-up partners within a few hours for the
up-going search and a few days for the down-going search
(Ageron et al. 2017a,b).

Here, ANTARES used an updated high-energy neutrino fol-
low up of GW170817 that includes the shower channel. It
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Gravitational Waves follow-up

Binary Neutron Star Merger
GW 170817

• Gravitational Waves originate in compact objects. 

• Compact objects play a key role in particle acceleration.  


  → potential neutrino emission!

• No coincident neutrino so far → consistent with predictions.

• New opportunities with O3 run.

[ANTARES, IceCube, Auger, LIGO/Virgo ApJL 2017]
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jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓obs . ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓obs 2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.
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 Galactic Cosmic Ray Accelerators
• The search for Galactic neutrino sources concentrates on the search for “Pevatrons” 

which have the required energetics to produce CRs up to the knee in the spectrum. 

ν
• “Pevatrons” produce pionic gamma rays whose spectrum 

extends to several hundred TeV without cut off.
• TeV gamma rays should be accompanied by TeV 

neutrinos, observable at IceCube. 
• Diffuse Galactic component expected by interaction of 

CRs in the Galaxy. 
• Early predictions suggested identification of brightest 

sources after 5 years in IceCube.

π

Milagro

2

that it is later confirmed as a source.
We focus in particular on MGROJ1908+06. The

H.E.S.S. observations of this source reveal a spectrum
consistent with a E−2 dependence from 400GeV to
40TeV without evidence for a cut-off [12]. In a follow-up
analysis [13] the Milagro Collaboration showed that its
own data are consistent with an extension of the H.E.S.S.
spectrum to at least 90TeV (Fig. 1). This is suggestive
of pionic gamma rays from a Pevatron whose cosmic-ray
beam extends to the ‘knee’ in the cosmic-ray spectrum at
PeV energies. Another source with a measured spectrum
consistent with E−2 is MGROJ2031+41 [14]. The lower
flux measured by MAGIC can be attributed to the prob-
lem of background estimation for Cherenkov telescopes
in a high density environment like the Cygnus region.

Not all the sources have known lower-energy counter-
parts, however. Although the H.E.S.S. telescope array
discovered a GeV-TeV counterpart to MGROJ1908+06
and MAGIC to MGRO J2031+41, the VERITAS tele-
scopes failed to detect an excess at the location of
MGROJ2019+37 [15]. A possible reason for this dis-
tinction is that this source, located in the Cygnus region
of the Galaxy, may not be the accelerator but a nearby
molecular cloud illuminated by a Pevatron beam. While
the pionic gamma ray spectrum extends to hundreds of
TeV, it is expected to be suppressed in the TeV search
window of VERITAS [16]. Indeed, there could be many
potential accelerators in the Cygnus region, one of the
principal star-forming areas of the Galaxy.

In conclusion, evidence tracing the production of these
or any other sources of TeV gamma rays to pions pro-
duced by cosmic-ray accelerators has been elusive. It is
one of the main missions of neutrino telescopes to pro-
duce incontrovertible evidence for cosmic-ray production
by detecting neutrinos associated with the sources. Par-
ticle physics is sufficient to compute the neutrino fluxes
associated with the sources discussed. We evaluate in
detail the sensitivity of IceCube, the first kilometer-scale
neutrino observatory now half complete, to the Milagro
sources assuming that they represent the imprint of the
Galactic cosmic-ray accelerators on the TeV sky. Here,
we include for the first time in these kind of calculations
the effect of a finite energy resolution of the detector
and a zenith-angle dependent angular resolution. While
the number of events with energies of tens of TeV is rel-
atively low, we establish that this is optimally the en-
ergy region where the atmospheric neutrino background
is suppressed and an excess from these sources can be sta-
tistically established. While observing individual sources
may in some cases be challenging, we conclude that evi-
dence for a correlation between the Milagro and IceCube
sky maps should be conclusive after several years.

It is important to emphasize that the photon flux from
the Milagro sources is consistent with the flux expected
from a typical cosmic ray generating supernova remnant
interacting with the interstellar medium (see for instance
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FIG. 1: The γ-ray and neutrino fluxes from MGROJ1908+06.
The hollow/shaded regions surrounding the fluxes represent
the range in the spectra due to statistical and systematic un-
certainties. Also shown is the flux of atmospheric neutrinos
at the same zenith angle as the source (dashed line), taking
into account the source size and angular resolution.
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FIG. 2: Calculated neutrino fluxes from five Milagro hotspots,
assuming an E−2 flux and gamma-ray cut-off at 300 TeV.

[1]). In other words, the TeV flux is consistent with
the energetics that are required to power the cosmic-
ray flux in the Galaxy. Alternative candidates such as
micro-quasars have been suggested for the sources of the
Galactic cosmic rays. If that were the case, cosmic-ray
energetics would require that they leave their imprint on
the Milagro sky map, but none have so far been observed.

NEUTRINOS FROM GAMMA-RAY SOURCES

Determining the flux of neutrinos from measurements
of a pionic gamma-ray spectrum is straightforward,
as both are the decay products of pions produced in
proton-proton collisions. Here we calculate the neu-

[Halzen+, 2008]
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ABSTRACT

The existence of di↵use Galactic neutrino production is expected from cosmic ray interactions with
Galactic gas and radiation fields. Thus, neutrinos are a unique messenger o↵ering the opportunity
to test the products of Galactic cosmic ray interactions up to energies of hundreds of TeV. Here we
present a search for this production using ten years of ANTARES track and shower data, as well as
seven years of IceCube track data. The data are combined into a joint likelihood test for neutrino
emission according to the KRA� model assuming a 5 PeV per nucleon Galactic cosmic ray cuto↵. No
significant excess is found. As a consequence, the limits presented in this work start constraining the
model parameter space for Galactic cosmic ray production and transport.

Keywords: neutrinos — cosmic rays — di↵usion — Galaxy: disk — gamma rays: di↵use background

1. INTRODUCTION

A di↵use Galactic neutrino emission is expected from
cosmic ray (CR) interactions with interstellar gas and
radiation fields. These interactions are also the domi-
nant production mechanism of the di↵use high-energy
�-rays in the Galactic plane, which have been measured
by the Fermi -Large Area Telescope (Fermi -LAT) (Ack-
ermann et al. 2012).

In the GALPROP-based (Vladimirov et al. 2011) con-
ventional model of Galactic di↵use �-ray production
CRs are accelerated in a distribution of sources such
as supernova remnants. They propagate di↵usively in
the interstellar medium producing �-rays and neutri-
nos via interactions with the interstellar radiation field
and interstellar gas. The interstellar radiation field is
weakly constrained by Fermi -LAT �-ray data and inter-
stellar gas is constrained by both Fermi -LAT �-ray data
and radio measurements of CO and HI line intensities.
The CR population model itself is normalised to local
measurements taken at Earth. The GALPROP model
parameters are tuned to achieve optimal agreement be-
tween Fermi -LAT (Ackermann et al. 2012) data and the
direction-dependent prediction given by integrating ex-

⇤ Earthquake Research Institute, University of Tokyo,
Bunkyo, Tokyo 113-0032, Japan

Figure 1. Neutrino flux per unit of solid angle of the KRA
5
�

model (Gaggero et al. 2015a), shown as a function of direc-

tion in equatorial coordinates (Hammer projection).

pected �-ray yields along the line of sight from Earth.
The neutral pion decay component estimated by the
conventional model should be accompanied by a neu-
trino flux from charged pion decay.

The conventional model, however, under-predicts the
�-ray flux above 10 GeV in the inner Galaxy (Ack-
ermann et al. 2012). The KRA� models (Gaggero
et al. 2015a,b, 2017) address this issue using a radially-
dependent model for the CR di↵usion coe�cient and the
advective wind. The primary CR spectrum assumed
within the KRA� models has an exponential cuto↵ at �22

Neutrinos from Galactic Plane
IceCube+ANTARES 2018

• Search for the correlation of neutrinos with the template map of emission from 
Galactic plane.


• Spatial distribution from gamma-ray data.


• Galactic contribution constrained at the level of ~10% of the diffuse flux.


• Models have large uncertainty on the flux above 10 TeV

Fermi � LAT⇡0 Template

Joint constraints on Galactic diffuse neutrino emission from ANTARES and IceCube 7

(a) (b)

Figure 3. Stacked histograms (i.e., every bin shows the fractional contribution of every sample summed on top of each other)

of the signal expected from the KRA
5
� model as function of the declination (a) and energy (b) Monte Carlo truth. The colored

area of each histogram represents the relative contribution to the sensitivity of this event sample. The relative contribution to

the sensitivity is defined as the di↵erence in the sensitivity flux resulting from the addition of a certain event sample divided by

the combined sensitivity flux.

Table 1. Sensitivities and results of the analysis on the KRA� models with the 5 and 50PeV cuto↵s.

Energy cuto↵
Sensitivity [�KRA� ] Fitted flux p-value UL at 90% CL

Combined ANTARES IceCube [�KRA� ] [%] [�KRA� ]

5 PeV 0.81 1.21 1.14 0.47 29 1.19

50PeV 0.57 0.94 0.82 0.37 26 0.90

5 PeV cuto↵ in light CR can be considered a more reli-
able case for the Galactic accelerators.

Figure 4 represents the combined upper limits in com-
parison to the all-flavor full sky energy spectrum of
the KRA� models as well as the previous IceCube and
ANTARES upper limits. The present upper limit on the
5 PeV model is higher than the previously published up-
per limit for ANTARES alone although the sensitivity is
much better. This is due to the overfluctuation observed
in the IceCube data sample as well as the di↵erence in
the definition of the test statistic. In the ANTARES
standalone analysis it was the sum of the shower and
track test statistics, computed independently, instead
of computing one test statistic from the combined log-
likelihood ratio curve (equation 2).

The results presented here provide for the first time a
combined constraint on di↵use Galactic neutrino emis-
sion by IceCube and ANTARES. The limit on the KRA�

model with 50 PeV cuto↵ extends the energy range of
the constraint on the model from 10 GeV with Fermi -
LAT up to hundreds of TeV. Based on the limit on the

KRA5
�-model, this analysis limits the total flux contri-

bution of di↵use Galactic neutrino emission to the total
astrophysical signal reported by Aartsen et al. (2015)
to 8.5%. In the future, the sensitivity of this analysis
can be further improved by including IceCube showers
(Aartsen et al. 2017d). This will allow for a powerful test
of the KRA5

� model, thereby constraining the di↵usion
mechanisms, the maximal energy injected by supernova
remnants and the Galactic gas distributions considered
in the model.
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et aux énergies alternatives (CEA), Commission Eu-
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Pulsar Wind Nebulae

• PWNe: 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]

IceCube search for neutrino 
emission from TeV PWN

10 Amato et al.: Signatures of high energy protons in pulsar winds

each value of Γ we consider the maximum allowed value of
fπLp with the requirement that µ ≤ 20 and Lp ≤ 0.9LTot.
This determines Jν(ϵν). Nµ is then found as:

Nµ =
1yr× 1km2

4 π d2

! ϵMax

1TeV

Jν(ϵν)Pνµ(ϵν)dϵν (32)

where the maximum neutrino energy is ϵMax = mpc2Γ/4

and Pνµ = 1.3 × 10−6ϵβν,TeV with β = 1 if 1 TeV < ϵν <
100 TeV, and β = 0.5 otherwise (Gaisser et al.1995).

Fig. 11. The maximum number of muons per year that would
be produced by neutrinos coming from the Crab Nebula in a
km2 detector. Also shown, as a dot-dashed line, are the back-
ground counts, assuming an angular resolution of (1◦)2, such
as IceCube should have.

The background counts we show in Fig. (11) are
those computed for IceCube by Alvarez-Muñiz and Halzen
(2001) at the position of the Crab Nebula. The maximum
number of neutrino events allowed by the γ-ray data is
above the background for basically the entire range of val-
ues of Γ we considered. The effect of neutrino oscillations
would be to reduce these fluxes. For the case of maximal
mixing, equal abundancies of neutrinos of the three flavors
are obtained, so that the flux of muon neutrinos is about
half of that calculated above.

5. Conclusions

In this paper we have anylized the observational conse-
quences that the presence in pulsar winds of a proton
component, energetically dominant, might have.

We have found that when the plerion is very young
(up to a few tens of years after the supernova explosion)
the main loss mechanism for these protons is likely to
be pion production due to nuclear collisions. A large flux
of neutrinos, γ-rays and secondary pairs can be expected
during these early stages. The synchrotron emission from
secondaries is likely to be completely negligible, while the
TeV photon and neutrino emission from a Galactic object
could be detectable even by present- day telescopes during
the first few tens of years after the supernova explosion.
Detection of neutrinos from older plerions should await
the upcoming km2 detectors.

We have also estimated the present-day TeV photon
and neutrino emission from the Crab Nebula. The existing
TeV observations already exclude part of the parameter
space, so that not all combinations of Γ, Lp and µ are
allowed.

Finally we have computed the maximum number of
neutrino events allowed by the γ-ray data according to
our modeling and found it to be larger than the at-
mospheric neutrino background (as already suggested by
Arons, 1998). Such a flux is likely to be detected by a
km2 detector such as IceCube. Neutrino detection can be
therefore considered as a promising means to help clinch
the question of how large a fraction of the pulsar spin-
down energy goes into relativistic baryons.
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• HAWC fits with 300 TeV photon cutoff —> 3 PeV CR knee 

• Picture is largely unchanged

Stacked Sensitivity Full HAWC Plane Sensitivity
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Joint IceCube-HAWC Search

• HAWC targets the portion of sky which IceCube is the most sensitive, operates at very high 
energies related to IceCube and not limited for studying extended sources.

• Using HAWC 2HWC Catalog, we search for 

• Stacked Search for neutrino emission from identified sources

• Template analysis for neutrino emission from Galactic plane and special 

locations: Cygnus region and around MGRO J1908+06
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• One of the primary candidates identified in 
Milagro survey. 

• Observation of the sources in IACT 
experiments. Tension in extension and 
spectrum reported. 

• Classified as an unidentified source. Gamma 
ray emission nature not well understood 

• Prospects for observation is highly 
entangled with the extension of the 
source. 

• Based on HESS’s observation, should 
be seen in ~10 years.
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• One of the primary candidates identified in 
Milagro survey. 

• Observation of the sources in IACT 
experiments. Tension in extension and 
spectrum reported. 

• Classified as an unidentified source. Gamma 
ray emission nature not well understood 

• Prospects for observation is highly 
entangled with the extension of the 
source. 

• Based on HESS’s observation, should 
be seen in ~10 years.
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Summary
- Evidence for neutrino emission from TXS 0506+056 

set a tipping point in the search for sources of 
cosmic neutrinos. 

- Getting all the elements of this puzzle to fit together 
is not easy, but they suggest that the blazars 
contain important clues on the origin of cosmic 
neutrinos and cosmic rays. 

- The next generation of neutrino telescopes will help 
solving the puzzle and will provide better 
understanding of obscured sources. 

- Neutrino astronomy is driven by observation and 
predictions. 

- Multimessenger studies are essential for 
identification of sources.  

- Better understanding of the potential sources can 
help us capitalize on the current data and built on 
the recent breakthroughs. 
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• 20% of the Universe is opaque to the EM spectrum

• non-thermal Universe powered by cosmic accelerators

• probed by gravity waves, neutrinos and cosmic rays �29

Markus Ackermann |  PAHEN workshop, Naples, Sep 25 - Sep 26, 2017 |       

The uniqueness of neutrinos

▶︎ Neutrinos allow us to peek beyond the gamma-ray horizon…
▶︎ … and into environments opaque to electromagnetic radiation.

3
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IC 170922A Gamma ray counterpart

Fermi 3FGL Sources

Galactic

• IceCube issued an alert on September 22, 2017.

• Follow up observations by ANTARES, H.E.S.S. , Fermi-LAT, Swift, AGILE, MAGIC, HAWC, 
VERITAS and …

TXS 0506+056

90%
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TXS 0506+056 Multi-wavelength Observation

emission from that direction in data prior to 2017,
as discussed in a companion paper (26).

High-energy g-ray observations of
TXS 0506+056

On 28 September 2017, the Fermi Large Area
Telescope (LAT) Collaboration reported that the
direction of origin of IceCube-170922A was con-
sistent with a known g-ray source in a state of
enhanced emission (16). Fermi-LAT is a pair-
conversion telescope aboard the Fermi Gamma-
ray Space Telescope sensitive to g-rays with energies
from 20MeV to greater than 300 GeV (27). Since
August 2008, it has operated continuously, pri-
marily in an all-sky survey mode. Its wide field
of view of ~2.4 steradian provides coverage of the
entire g-ray sky every 3 hours. The search for pos-
sible counterparts to IceCube-170922Awas part of
the Fermi-LAT collaboration’s routinemultiwave-
length, multimessenger program.
Inside the error region of the neutrino event,

a positional coincidence was found with a pre-
viously cataloged g-ray source, 0.1° from the best-
fitting neutrino direction. TXS 0506+056 is a
blazar of BLLacertae (BLLac) type. Its redshift of
z ¼ 0:3365T0:0010was measured only recently
based on the optical emission spectrum in a
study triggered by the observation of IceCube-
170922A (28).

TXS 0506+056 is a known Fermi-LAT g-ray
source, appearing in three catalogs of Fermi
sources (23, 24, 29) at energies above 0.1, 50, and
10 GeV, respectively. An examination of the
Fermi All-Sky Variability Analysis (FAVA) (30)
photometric light curve for this object showed
that TXS 0506+056 had brightened consider-
ably in the GeV band starting in April 2017 (16).
Independently, a g-ray flare was also found by
Fermi ’s Automated Science Processing [ASP (25)].
Such flaring is not unusual for a BLLac object and
would not have been followed up as extensively if
the neutrino were not detected.
Figure 3 shows the Fermi-LAT light curve and

the detection time of the neutrino alert. The light
curve of TXS 0506+056 from August 2008 to
October 2017was calculated in bins of 28 days for
the energy range above 0.1 GeV. An additional
light curve with 7-day bins was calculated for the
period around the time of the neutrino alert. The
g-ray flux of TXS 0506+056 in each time bin was
determined through a simultaneous fit of this
source and the other Fermi-LAT sources in a
10° by 10° region of interest along with the
Galactic and isotropic diffuse backgrounds, using
a maximum-likelihood technique (25). The inte-
grated g-ray flux of TXS 0506+056 forE> 0.1 GeV,
averaged over all Fermi-LAT observations span-
ning 9.5 years, is ð7:6 T 0:2Þ $ 10% 8 cm% 2 s% 1. The

highest flux observed in a single 7-day light curve
bin was ð5:3 T 0:6Þ $ 10% 7 cm% 2 s% 1, measured in
the week 4 to 11 July 2017. Strong flux variations
were observed during the g-ray flare, themost prom-
inent being a flux increase from ð7:9 T 2:9Þ$
10% 8 cm% 2 s% 1 in the week 8 to 15 August 2017
to ð4:0 T 0:5Þ $ 10% 7 cm% 2 s% 1 in the week 15 to
22 August 2017.
The Astro-Rivelatore Gamma a Immagini Leg-

gero (AGILE) g-ray telescope (31) confirmed the
elevated level of g-ray emission at energies above
0.1 GeV from TXS 0506+056 in a 13-day window
(10 to 23 September 2017). The AGILEmeasured
fluxofð5:3 T 2:1Þ $ 10% 7 cm% 2 s% 1 is consistentwith
the Fermi-LAT observations in this time period.
High-energy g-ray observations are shown in

Figs. 3 and4.Details on theFermi-LAT andAGILE
analyses can be found in (25).

Very-high-energy g-ray observations of
TXS 0506+056

Following the announcement of IceCube-170922A,
TXS 0506+056 was observed by several ground-
based Imaging Atmospheric Cherenkov Tele-
scopes (IACTs). A total of 1.3 hours of observations
in the direction of the blazar TXS 0506+056
were taken using the High-Energy Stereoscopic
System (H.E.S.S.) (32), located in Namibia, on
23 September 2017 [Modified Julian Date (MJD)
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Fig. 3. Time-dependent multiwavelength observations of TXS
0506+056 before and after IceCube-170922A. Significant variability of
the electromagnetic emission can be observed in all displayed energy
bands, with the source being in a high-emission state around the
time of the neutrino alert. From top to bottom: (A) VHE g-ray
observations by MAGIC, H.E.S.S., and VERITAS; (B) high-energy g-ray
observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and
Kanata/HONIR; and (F) radio observations by OVRO and VLA. The red

dashed line marks the detection time of the neutrino IceCube-170922A.
The left set of panels shows measurements between MJD 54700
(22 August 2008) and MJD 58002 (6 September 2017). The set of
panels on the right shows an expanded scale for time range
MJD 58002 to MJD 58050 (24 October 2017). The Fermi-LAT light
curve is binned in 28-day bins on the left panel, while finer 7-day bins
are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September 2017) of 2:1 $ 10% 10 cm% 2 s% 1 is off the scale of the plot
and not shown.
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Neutrino Emission Prior to IC 170922A

�100 =
�
0.8+0.5

�0.4

�
⇥ 10�16TeV�1cm�2s�1

(a) (b)

Figure 4: Time-integrated analysis results. As in Fig. 3a, but for the time-integrated analysis
of TXS 0506+056 using (a) the full 9.5 year sample (2008-2017), and (b) the 7 year sample
(2008-2015).

2.1, much harder than the spectrum of the atmospheric neutrino background (⇠ 3.7). At this185

declination in the sky, the 68% central energy range in which IceCube is most sensitive to point

sources with E�2.1 spectra is between 32 TeV and 3.6 PeV. Assuming that the muon-neutrino

fluence (E2J100 = (2.1+1.0
�0.7)⇥10

�4 TeV cm�2) is one-third of the total neutrino fluence, then the

all-flavor neutrino energy fluence is (4.2+2.0
�1.4)⇥ 10

�3 erg cm�2 over this energy range. With the

recent measurement (33) of the redshift of TXS 0506+056 as z = 0.3365± 0.0010, this energy190

fluence implies that the isotropic neutrino luminosity is (1.2+0.6
�0.4) ⇥ 10

47 erg s�1 averaged over

158 days. The neutrino luminosity is higher by a factor of a few than the isotropic gamma-ray

luminosity between 0.1 GeV and 100 GeV of 0.28⇥ 10
47 erg s�1 averaged over all Fermi-LAT

observations of TXS 0506+056 (20). This could imply that a significant fraction of the gamma

rays related to the neutrino production are either absorbed or arriving at energies above or below195

the Fermi-LAT energy band.

Interestingly, during the period of the neutrino excess in 2014-2015, TXS 0506+056 also

11

posterior significance 
(including IC 170922A) 4.1�

significance after 
removing alert period 2.1�

Fitted signal events ~ 15 

Neutrino emission from is dominated by the 2014 flare

Time-Integrated Search: looking for the signal from TXS 
0506+056 in 9.5 years of IceCube data.
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Hints of Neutrino Emission from Blazar Flares

Need more neutrino flares!

• We need more observations like TXS to
identify the emission process and to
establish blazars as neutrino emitters.

• Maybe we have already witnessed these
sources:

? PKS B1424-418 & “Big Bird”
[Kadler et al.’16]

? PKS 0723-008 & “Dr. Strangepork”
[Kun, Biermann & Gergely’16]

? AGL J1418+0008 & IC-160731A
[Lucarelli et al.’17]

? GB6 J1040+0617 & IC-141209A
[Garrappa et al., in preparation]

10 Lucarelli et al.

Figure 4. AGILE-GRID intensity map in [ph cm�2 s�1 sr�1] zoomed around the ICECUBE-160731 position, in the
time interval (T0 � 1.8; T0 � 0.8) days. The black and white circles again show, respectively, the 90% c.r. of the
ICECUBE event and the 95% C.L. contour of the AGILE-GRID detection AGL J1418+0008. The figure shows also
the positions of several e.m. candidates found during the MWL follow-up. Cyan cross: HAWC best archival search
result (Taboada 2016); blue crosses: the six SWIFT-XRT sources reported in (Evans et al. 2016a,b); yellow boxes: two
optical sources (one steady, one transient) detected by the Global MASTER net (Lipunov et al. 2016a,b)); magenta
diamonds: two optical transients detected by iPTF P48 (Singer et al. 2016). Black point: the X-ray source 1RXS
J141658.0-001449, which appears within both error circles, is one of the best neutrino-emitter candidate found in the
additional search made with the ASDC tools described in the text.

circle. Only sources #5 and #6 are still compatible with the neutrino position (and within the AGILE ellipse
contour), while source #2 remains just on the border.

In the optical region, the Global MASTER Optical Network performed a search for optical transients in
the time interval (T0 + 17; T0 + 21) hrs (Lipunov et al. 2016a,b). They only detected a point-like event,
classified as MASTER OT J142038.73-002500.1, that might have been induced by particle crossing the
CCD, and the bright NGC 5584 galaxy (which, anyhow, is already outside the revised error circle) (yellow
boxes in Fig. 4). Rapid follow-up observations in the Optical/IR band, started only 3.5 hours after T0,
were performed by the Palomar 48-inch telescope (iPTF P48) (Singer et al. 2016). They detected two
optical transient candidates at 1.1 and 2.0� from the initial neutrino candidate position (magenta diamonds
in Fig. 4).

In the gamma-ray band, FERMI-GBM could not observe the region at T0 since the position was occulted
by the Earth (Burns & Jenke 2016) while FERMI-LAT reported only flux ULs (95% C.L.) above 100
MeV of 10�7ph cm�2 s�1 in 2.25 days of exposure starting from a 2016-07-31 00:00 UTC, and of 0.6 �
10�7ph cm�2 s�1 in 8.25 days of exposure starting from 2016-07-25 at 00:00 UTC (Cheung et al. 2016). As
shown in Appendix A, the non-detection of any gamma-ray precursor by Fermi-LAT might be due to a low
exposure of the ICECUBE region during the AGILE gamma-ray transient.

[Lucarelli et al.’17]

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 13
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3. Method B: Flare Search

In this section a search method sensitive to occasional neutrino flares, whose times and durations are unknown,
is described. Observations of strong variability in the electromagnetic emission exist for various TeV neutrino
candidate sources. However, often there is no continuous observation of the flux (e.g. the EGRET sources)
and/or no prediction for a time correlation between the photon and neutrino emission.
The data selection has been optimized with the help of toy Monte Carlo events. The data sample produced by
the time-integrated point source search [1] without any re-optimization gives the highest detection probability.
A method based on a sliding window of fixed duration has been investigated, where the length of the window is
a parameter to be optimized. As the flare duration is not known the detection probability in dependence of the
time window length has to be calculated. Note that short flares will be not detectable if the peak to valley ratio
is much higher than the one observed in γ-rays. The signal contribution in very long windows is limited by the
number of events observed in the time-integrated search. The optimum choice is a 20 days window for galactic
objects and a 40 days window for extra-galactic ones. The three categories of sources selected are a subset
of the standard list of TeV neutrino candidate sources used in the time-integrated point source analysis [1].
Moreover, we have included in our analysis three sources from the EGRET catalog which show extraordinarily
large variations in the MeV γ-ray flux.
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Figure 16. Left: AMANDA-II neutrino candidates within 2.25o from the direction of the blazar 1ES 1959+650. The
triangles indicate the arrival time of the observed events; the crosses refer to the background events in the 40-days windows.
The window showing the highest multiplicity is highlighted. Right: Zoom-in of the time-window MJD 52410-52460. The
arrival time of two out of the five AMANDA-II events is compared with the Whipple light curve from [5].

4. Results and Discussion

The results obtained with the two methods discussed in section 2 and section 3 are reported in Tab. 2. In both
cases, no statistically significant excess of events over the background expected has been observed.

Although the results obtained are not significant, the time structure of the neutrino candidates from the direction
of the blazar 1ES 1959+650 (within 2.25o) merits a dedicated discussion. The sample is composed of five
events in the entire four-years period. They have been identified by the blind analysis as described previously
(see Fig. 16). The following has been noticed:

• Three events out of the five fall within 66 days (MJD 52394.0, 52429.0, 52460.3).

[M.Ackermann et.al, ICRC 2005] [Lucareli+ 2017]

• AGL J1418+0008 & IC 16073A [Lucareli+ 2017]


• PKS 0723-008 & HESE-5 [Kun+ 2016]


• 1ES 1959+650 in AMANDA. [M.Ackermann+ 2005]
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Black hole merger coincidence search

GW150914

PRD 93, 122010 (2016)

PRD 96, 022005 (2017)
ANTARES, IceCube, LIGO/VIRGO partnership
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Extended Sources Search

Extended Sources Sensitivity (90%)
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Very HE Gamma ray Emitters in the Galaxy

• First very high-energy survey of the Galaxy was done by the Milagro 
Collaboration. 

• Studies based on hard spectra reported from Milagro claimed that IceCube 
should observe them after 5 years of run.  

• Today, with better measurements from IACTs and HAWC we have a better 
understanding of the Galactic TeV emitters. 

• Although the prospects for observation is highly entangled with the extension of 
the source, updates observations imply a good chance of observation in 10 
years of IceCube.
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HAWC has sensitivity at the highest energies
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HAWC has sensitivity at the highest energies
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incompatible with the low-energy 
cut-off reported by Milagro+ARGO


