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

Among the 50 brightest Fermi blazars.

Outshines near by sources.


Highest energy gamma ray 
source in EGRET above 40 GeV 
[Dingus & Bertsch 2001]. 
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Nu Signals from TXS 0506+056: IC-170922A �4

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
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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.▪

RESEARCH
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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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• 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

• 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 3𝜎-
level.


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

[IceCube, Science 2018]



13±5 signal events rejecting 
background hypothesis at 3.5𝜎

Nu Signals from TXS 0506+056: Neutrino Flare in 2014

Time-dependent search in the direction of TXS 0506+056 revealed a 
neutrino flare in December 2014.

�5

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

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

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

Results

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

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

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

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

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

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

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

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

8

TW = 110+35
�24 days

�100 =
�
1.6+0.7

�0.6

�
⇥ 10�15TeV�1cm�2s�1

[IceCube, Science 2018]



Time-Integrated Neutrino Signal

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

�6

�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�

Neutrino emission from TXS 0506+056  
is dominated by the 2014 flare!



Observation of TXS 0506+056 in Neutrinos 
• Two independent analyses provided compelling 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. May be hardening 
of the spectrum [Padovani+, 2018] although no significant slope change 
[Garrappa+, TeVPA2018]

�7

Where are the gamma rays? Why is not there enhanced 𝛾-ray activity?

Page 6

TXS 0506+056

| Fall Collaboration Meeting 2018 | Simone Garrappa, Stockholm 26-09-2018

Lightcurve Analysis Neutrino Flare
158 days

IC-170922A

neutrino flare 
in 2014

[Garrappa+, TeVPA2018]



HE Cosmic Neutrinos & Multimessenger Interface �8

Similar energy in the Universe in 𝛾-rays, neutrinos and cosmic rays  
[Ahlers 2015, Murase+ 2014, Kowalski 2014]
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The Neutrino 𝛾-ray Connection

Accelerated particles interact at the beam 
dump and produce charged and neutral pions

�9
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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 Delta-resonance threshold. 

Maximum 𝛾-ray energy limited by the 
pair production.



Neutrino flux from episodic emission from a fraction of a source 
class 

Flaring Sources and the IceCube Neutrino Flux �10
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[Halzen, AK, Weisgarber, In prep.]



Neutrino flux from episodic emission from a fraction of a source 
class 

Flaring Sources and the IceCube Neutrino Flux �10
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Neutrino flux from episodic emission from a fraction of a source 
class 

Flaring Sources and the IceCube Neutrino Flux �10
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�! F ⇠ 5%
A special class of blazars that undergo ~ 110-day 
duration flares like TXS 0506+056 once every 10 
years accommodates the observed diffuse flux of 
high-energy cosmic neutrinos. 

[Halzen, AK, Weisgarber, In prep.]



Relating to the Cosmic Rays

The equal energetics of cosmic rays and neutrinos dictates
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f⇡ & 0.4
high opacity for p-𝛾 
interaction. Expected for an 
efficient neutrino emitter!

Finding the pion production 
efficiency of the neutrino source

[Halzen, AK, Weisgarber, In prep.]



Relating to the Cosmic Rays

The equal energetics of cosmic rays and neutrinos dictates
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f⇡ & 0.4
high opacity for p-𝛾 
interaction. Expected for an 
efficient neutrino emitter!

Finding the pion production 
efficiency of the neutrino source

Is this compatible with the 𝛾-ray observations?

⌧�� ⇡ ⌘�����

⌘p� �̂p�
f⇡ ⌧�� ' 100

𝛾-ray opacity is connected to pion efficiency 

HE 𝛾-rays will be absorbed 
at the source!

[Halzen, AK, Weisgarber, In prep.]



The Multimessenger Picture �12

Neutrino 
flux 

energetics 𝛾-ray flux outside the source 
shifted to lower energies by 
internal cascade/absorption

EBL Absorption Observed 
flux @ Fermi



The Multimessenger Picture �12

Neutrino 
flux 

energetics 𝛾-ray flux outside the source 
shifted to lower energies by 
internal cascade/absorption

EBL Absorption Observed 
flux @ Fermi

[Halzen, AK, Weisgarber, in prep.]

*Fermi data from S. Garrappa+, TeVPA2018

BIGMF = 10�16G

10�19G



Summary �13

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]
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There is a difference in 𝛾-ray activity for neutrinos from TXS 
0506+056 between 2017 alert and the neutrino flare in 
2014. Different scenario? site of production? or more 
powerful emission?


Multimessenger interface could help obtaining a better 
understanding of the dominant emission from TXS 
0506+056.


Absorption at the source could explain why no enhanced 
𝛾-ray activity is seen for 2014 neutrino flare.


Understanding the emission process and establishing 
blazars as neutrino emitters require more observations.


Need More Neutrino Sources! But let’s not forget the 
previous hints: AGL J1418+0008 & IC 16073A [Lucareli+ 
2017], PKS 0723-008 & HESE-5 [Kun+ 2016], 1ES 
1959+650 in AMANDA.


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

26 M. Ackermann et al.

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).

[Ackermann+, ICRC 2005]

[Lucareli+ 2017]



Thanks!



Back up Slides



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%

�16



Multiwavelength Observation �17

Page 32 

Is there also a Gamma-ray Flare? 



energy in the Universe in gamma rays, neutrinos and cosmic rays

Kowalski 2014




