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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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as a fitted parameter. Themodel parameters are
correlated and are expressed as a pair, (F100, g),
where F100 is the flux normalization at 100 TeV.
The time-dependent analysis uses the same for-
mulation of the likelihood but searches for
clustering in time aswell as space by introducing
an additional time profile. It is performed sep-
arately for two different generic profile shapes: a
Gaussian-shaped timewindow and a box-shaped
time window. Each analysis varies the central
time of the window, T0, and the duration TW
(from seconds to years) of the potential signal to
find the four parameters (F100, g, T0, TW) that
maximize the likelihood ratio, which is defined
as the test statistic TS. (For the Gaussian time
window, TW represents twice the standard de-
viation.) The test statistic includes a factor that
corrects for the look-elsewhere effect arising
from all of the possible time windows that could
be chosen (30).
For each analysis method (time-integrated and

time-dependent), a robust significance estimate is
obtained by performing the identical analysis on
trialswith randomizeddatasets. These areproduced
by randomizing the event times and recalculating

theRAcoordinateswithin eachdata-takingperiod.
The resultant P value is defined as the fraction of
randomized trials yieldinga valueofTSgreater than
or equal to the one obtained for the actual data.
Because the detector configuration and event

selections changed as shown in Table 1, the time-
dependent analysis is performed by operating on
each data-taking period separately. (A flare that
spans a boundary between two periods could be
partially detected in either period, but with re-
duced 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 observation time to the obser-
vation time of that data segment (30).

Neutrinos from the direction of
TXS 0506+056

The results of the time-dependent analysis per-
formed 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 from2012 to 2015,
contains a significant excess, which is identified
by both time-window shapes. The excess consists
of 13 ± 5 events above the expectation from the
atmospheric background. The significancedepends
on the energies of the events, their proximity to
the coordinates of TXS 0506+056, and their
clustering in time. This is illustrated in Fig. 2,
which shows the time-independent weight of
individual events in the likelihood analysis during
the IC86b data period.
The Gaussian time window is centered at 13

December 2014 [modified Julianday (MJD) 57004]
with an uncertainty of ±21 days and a duration
TW = 110þ35

�24 days. The best-fitting parameters for
the fluence J100 = ∫F100(t)dt and the spectral
index are givenbyE2J100=2:1

þ0:9
�0:7 � 10�4 TeVcm–2

at 100 TeV and g = 2.1 ± 0.2, respectively. The
joint uncertainty on these parameters is shown
in Fig. 3 along with a skymap showing the result
of the time-dependent analysis performed at the
location of TXS 0506+056 and in its vicinity
during the IC86b data period.
The box-shaped time window is centered

13 days later with duration TW = 158 days (from
MJD 56937.81 to MJD 57096.21, inclusive of

contributing events at boundary times). For the
box-shaped time window, the uncertainties are
discontinuous and not well defined, but the un-
certainties for the Gaussian window show that it
is consistent with the box-shaped time window
fit. Despite the different window shapes, which
lead to different weightings of the events as a
function of time, bothwindows identify the same
time interval as significant. For the box-shaped
time window, the best-fitting parameters are sim-
ilar to those of the Gaussianwindow, with fluence
at 100 TeV and spectral index given by E2J100 =
2:2þ1:0

�0:8 � 10�4 TeV cm–2 and g = 2.2 ± 0.2. This
fluence corresponds to an average flux over
158 days of F100 = 1:6þ0:7

�0:6 � 10�15 TeV–1 cm–2 s–1.
Whenwe estimate the significance of the time-

dependent result by performing the analysis at
the coordinates of TXS 0506+056 on randomized
datasets, we allow in each trial a new fit for all
the parameters: F100, g, T0, TW. We find that the
fraction of randomized trials that result in a more
significant excess than the real data is 7 × 10–5 for
the box-shaped time window and 3 × 10–5 for the
Gaussian time window. This fraction, once cor-
rected for the ratio of the total observation time
to the IC86b observation time (9.5 years/3 years),
results in P values of 2 × 10–4 and 10–4, respec-
tively, corresponding to 3.5s and 3.7s. Because
there is no a priori reason to prefer one of the
generic timewindows over the other, we take the
more significant one and include a trial factor of
2 for the final significance, which is then 3.5s.
Outside the 2012–2015 time period, the next

most significant excess is found using the Gauss-
ian window in 2017 and includes the IceCube-
170922A event. This time window is centered
at 22 September 2017 with duration TW = 19 days,
g = 1.7 ± 0.6, and fluence E2J100 = 0:2þ0:4

�0:2 � 10�4

TeV cm–2 at 100 TeV. No other event besides the
IceCube-170922A event contributes significantly
to the best fit. As a consequence, the uncertainty
on the best-fitting window location and width
spans the entire IC86c period, because any win-
dow containing IceCube-170922A yields a similar
value of the test statistic. Following the trial cor-
rectionprocedure for different observationperiods
as described above, the significance of this excess
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Table 1. IceCube neutrino data samples.
Six data-taking periods make up the full

9.5-year data sample. Sample numbers

correspond to the number of detector
strings that were operational. During the

first three periods, the detector was still

under construction. The last three periods

correspond to different data-taking
conditions and/or event selections with the

full 86-string detector.

Sample Start End

IC40 5 April 2008 20 May 2009
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC59 20 May 2009 31 May 2010
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC79 31 May 2010 13 May 2011
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86a 13 May 2011 16 May 2012
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86b 16 May 2012 18 May 2015
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

IC86c 18 May 2015 31 October 2017
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ..

Fig. 1. Time-dependent analysis results. The orange curve corresponds
to the analysis using the Gaussian-shaped time profile. The central time T0

and width TW are plotted for the most significant excess found in each
period, with the P value of that result indicated by the height of the peak.
The blue curve corresponds to the analysis using the box-shaped time
profile. The curve traces the outer edge of the superposition of the best-

fitting time windows (durations TW) over all times T0, with the height
indicating the significance of that window. In each period, the most
significant time window forms a plateau, shaded in blue. The large blue
band centered near 2015 represents the best-fitting 158-day time window
found using the box-shaped time profile. The vertical dotted line in IC86c
indicates the time of the IceCube-170922A event.
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is 1.4s. If the IceCube-170922A event is removed,
no excess remains during this time period. This
agrees with the result of the rapid-response anal-
ysis (31) that is part of the IceCube alert program,
which found no other potential astrophysical
neutrinos from the same region of the sky during
±7 days centered on the time of IceCube-170922A.
We performed a time-integrated analysis at

the coordinates of TXS 0506+056 using the full
9.5-year data sample. The best-fitting parameters
for the flux normalization and the spectral index
areF100 = 0:8þ0:5

�0:4 � 10�16 TeV–1 cm–2 s–1 and g =
2.0 ± 0.3, respectively. The joint uncertainty on
these parameters is shown in Fig. 4A. The P value,
based on repeating the analysis at the same co-
ordinates with randomized datasets, is 0.002%
(4.1s), but this is an a posteriori significance
estimate because it includes the IceCube-170922A
event, whichmotivated performing the analysis at
the coordinates of TXS 0506+056. An unbiased

significance estimate including the event would
need to take into account the look-elsewhere effect
related to all other possible directions in the sky
that could be analyzed. It is expected that there
will be two or three directions somewhere in the
northern sky with this significance or greater,
resulting from the chance alignment of neutri-
nos (12). Here, we are interested in determining
whether there is evidence of time-integrated neu-
trino emission from TXS 0506+056 besides the
IceCube-170922A event.
If we remove the final data period IC86c, which

contains the event, and perform the analysis
again using only the first 7 years of data, we find
best-fitting parameters that are nearly unchanged:
F100 =0:9

þ0:6
�0:5 � 10�16 TeV–1 cm–2 s–1 and g = 2.1 ±

0.3, respectively. The joint uncertainty on these
parameters is shown in Fig. 4B. The P value, using
only the first 7 years of data, is 1.6% (2.1s), based
on repeating the analysis at the same coordinates

with randomized datasets. These results indicate
that the time-integrated fit is dominated by the
same excess as found in the time-dependent
analysis above, having similar values for the
spectral index and total fluence (E2J100 = 2.0 ×
10–4 TeV cm–2 at 100 TeV over the 7-year period).
This excess is not significant in the time-integrated
analysis because of the additional background
during the rest of the 7-year period.

Blazars as neutrino sources

The signal identified during the 5-month period
in 2014–2015 consists of an estimated 13 ± 5
muon-neutrino events that are present in addi-
tion to the expected background. The analysis is
unbinned, but the mean background at the dec-
lination of TXS 0506+056 is useful for compar-
ison purposes; it is 5.8 events in a search bin of
radius 1° during a 158-day time window. (We use
the duration of the box-shaped time window re-
sult for convenience to calculate averages during
the flare.) The significance of the excess is due to
both the number of events and their energy
distribution, with higher-energy events increasing
the significance and leading to the best-fitting
spectral index of 2.1, in contrast to the lower-
energy atmospheric neutrino background with
spectral index ~3.7. At this declination in the sky,
the 68% central energy range inwhich 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 = 2:1þ1:0

�0:7�
10�4 TeV cm–2) is one-third of the total neu-
trino fluence, then the all-flavor neutrino energy
fluence is 4:2þ2:0

�1:4 � 10�3 erg cm–2 over this
energy range. With the recent measurement (32)
of the redshift of TXS 0506+056 as z = 0.3365 ±
0.0010, this energy fluence implies that the iso-
tropic neutrino luminosity is 1:2þ0:6

�0:4 � 1047 erg s–1

averaged over 158 days. This is higher than the
isotropic gamma-ray luminosity during the same
period, which is similar to the long-term luminosity
between 0.1 GeV and 100 GeV of 0.28 × 1047 erg
s–1 averaged over all Fermi-LAT observations of
TXS 0506+056 (20). Gamma rays are expected to
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Fig. 2. Time-independent weight of individual events during the IC86b period. Each vertical line
represents an event observed at the time indicated by calendar year (top) or MJD (bottom).
Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line indicates the event
weight: the product of the event’s spatial term and energy term in the unbinned likelihood analysis
evaluated at the location of TXS 0506+056 and assuming the best-fitting spectral index g = 2.1
(30).The color for each event indicates an approximate value in units of TeVof the reconstructed muon
energy (muon energy proxy), which the analysis compares with expected muon energy distributions
under different hypotheses. [A distribution for the true neutrino energy of a single event can also
be inferred from the event’s muon energy (30).] The dashed curve and the solid bracket indicate the
best-fitting Gaussian and box-shaped time windows, respectively. The distribution of event weights
and times outside of the best-fitting time windows is compatible with background.

Fig. 3. Time-dependent analy-
sis results for the IC86b data
period (2012–2015).
(A) Change in test statistic,
DTS, as a function of the spectral
index parameter g and the fluence
at 100 TeV given by 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
December 2014, TW = 110 days).
The white dot indicates the best-
fitting values. The contours at
68% and 95% confidence level
assuming Wilks’ theorem (36) are
shown in order to indicate 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 (F, g, 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.
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be produced in the same processes that produce
neutrinos—for example, when accelerated pro-
tons interact with ambient lower-energy photons
near the source, producing both neutral pions
(which decay to gamma rays) and charged
pions (which decay to neutrinos and leptons). A
higher luminosity in neutrinos than in gamma
rays could imply that a substantial fraction of
the gamma rays related to the neutrino produc-
tion are either absorbed or arriving at energies
above or below the Fermi-LAT energy band.
Although TXS 0506+056 is a bright object in

gamma rays, it was not previously singled out as
a predicted neutrino source. In the third catalog
of active galactic nuclei detected by Fermi-LAT
(33) listing 1773 objects (including those at low
galactic latitudes), TXS 0506+056 is among the
50 brightest objects, with an average flux be-
tween 1 GeV and 100 GeV of 6.5 (±0.2) × 10–9

photons cm–2 s–1. Its measured redshift now
makes it one of themost luminous objects known
out to the same distance, more than an order of
magnitude more luminous than nearby blazars
such as Markarian 421, Markarian 501, and 1ES
1959+650. With respect to these objects, an
important observational distinction is the fa-
vorable declination of TXS 0506+056. As the
neutrino-nucleon interaction cross section grows
with energy, absorption in Earth becomes con-
siderable for neutrinos above ~100 TeV. IceCube
is most sensitive to high-energy neutrinos
from sources at declinations near the equatorial
plane, which is viewed along the horizon from
the South Pole. The blazars mentioned above
are at more northern declinations, and the like-
lihood that a neutrino with energy of ~300 TeV
from one of these will be absorbed while travers-
ing Earth is three to five times the likelihood that
it will reach the detector. The explanation for
why TXS 0506+056 is the first blazar associated
with a significant neutrino excess may there-
fore depend on the combination of its intrinsic
properties and the observational properties of
the detector.
IceCube recently published (34) a search for

neutrino emission from the blazars in the second
catalog of active galactic nuclei detected by Fermi-
LAT (35), constraining their contribution to the
diffuse astrophysical neutrino flux under different

model assumptions. An upper limit of 27% was
found assuming the diffuse flux that is fit between
10 TeV and 100 TeV with a soft E–2.5 spectrum
(16). For an E–2 spectrum compatible with the
diffuse flux fit above ~200 TeV (17), the upper
limit is between 40% and 80%. The allowed con-
tribution by blazars as a population is larger, be-
cause it would include the contribution of fainter
and more distant blazars not yet resolved in the
catalog. Averaged over 9.5 years, the neutrino flux
of TXS 0506+056 by itself corresponds to 1% of
the astrophysical diffuse flux and is fully com-
patible with the previous blazar catalog results.
The evidence presented above supports the

hypothesis presented in (20) that the blazar TXS
0506+056 is a high-energy neutrino source. The
3.5s evidence for neutrino emission during the
5-month period in 2014–2015 is statistically in-
dependent of the evidence presented in (20).
The analysis of the IceCube-170922A event in
(20) relies on correlation of a single neutrino with
electromagnetic activity, whereas the analysis
presented here relies only on self-correlation
of multiple neutrinos. The coincidence of an
IceCube alert with a flaring blazar, combined
with a neutrino flare from the same object in
archival IceCube data, pinpoints a likely source
of high-energy cosmic rays.

REFERENCES AND NOTES

1. Pierre Auger Collaboration, Science 357, 1266–1270
(2017).

2. F. Reines, Annu. Rev. Nucl. Part. Sci. 10, 1–26 (1960).
3. C. M. Urry, P. Padovani, Publ. Astron. Soc. Pac. 107, 803

(1995).
4. K. Mannheim, Astropart. Phys. 3, 295–302 (1995).
5. F. Halzen, E. Zas, Astrophys. J. 488, 669–674 (1997).
6. A. Mücke, R. J. Protheroe, R. Engel, J. P. Rachen, T. Stanev,

Astropart. Phys. 18, 593–613 (2003).
7. K. Murase, in Neutrino Astronomy, T. Gaisser, A. Karle, Eds.

(World Scientific, 2017), pp. 15–31.
8. M. Petropoulou, C. D. Dermer, Astrophys. J. Lett. 825, L11

(2017).
9. C. Guépin, K. Kotera, Astron. Astrophys. 603, A76 (2017).
10. M.-H. Ulrich, L. Maraschi, C. M. Urry, Annu. Rev. Astron.

Astrophys. 35, 445–502 (1997).
11. M. G. Aartsen et al., J. Instrum. 12, P03012 (2017).
12. M. G. Aartsen et al., Astrophys. J. 835, 151 (2017).
13. M. G. Aartsen et al., Phys. Rev. D 89, 102004 (2014).
14. IceCube Collaboration, Science 342, 1242856 (2013).
15. M. G. Aartsen et al., Phys. Rev. Lett. 113, 101101 (2014).
16. M. G. Aartsen et al., Astrophys. J. 809, 98 (2015).
17. M. G. Aartsen et al., Astrophys. J. 833, 3 (2016).

18. M. G. Aartsen et al., Astrophys. J. 807, 46 (2015).
19. E. Massaro et al., Astrophys. Space Sci. 357, 75 (2015).
20. IceCube, 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, Science
361, eaat1378 (2018).

21. M. G. Aartsen et al., Astropart. Phys. 92, 30–41 (2017).
22. IceCube Collaboration, GRB Coordinates Network, Circular Service

21916 (2017); https://gcn.gsfc.nasa.gov/gcn3/21916.gcn3.
23. Y. T. Tanaka, S. Buson, D. Kocevski, Astronomer’s

Telegram 10791 (2017); www.astronomerstelegram.org/
?read=10791.

24. W. B. Atwood et al., Astrophys. J. 697, 1071–1102 (2009).
25. J. Aleksić et al., Astropart. Phys. 35, 435–448 (2012).
26. R. Mirzoyan, Astronomer’s Telegram 10817 (2017);

www.astronomerstelegram.org/?read=10817.
27. R. Abbasi et al., Astrophys. J. 744, 1 (2012).
28. J. Braun et al., Astropart. Phys. 29, 299–305 (2008).
29. J. Braun et al., Astropart. Phys. 33, 175–181 (2010).
30. See supplementary materials.
31. K. Meagher, C. Raab, IceCube Collaboration, in 35th

International Cosmic Ray Conference, Proceedings of Science
(2017); https://pos.sissa.it/301/957/pdf.

32. S. Paiano, R. Falomo, A. Treves, R. Scarpa, Astrophys. J. 854,
L32 (2018).

33. M. Ackermann et al., Astrophys. J. 810, 14 (2015).
34. M. G. Aartsen et al., Astrophys. J. 835, 45 (2017).
35. M. Ackermann et al., Astrophys. J. 743, 171 (2011).
36. S. S. Wilks, Ann. Math. Stat. 9, 60–62 (1938).

ACKNOWLEDGMENTS

Funding: We acknowledge support from the following agencies.
United States: National Science Foundation (NSF) Office of Polar
Programs, NSF Physics Division, Wisconsin Alumni Research
Foundation, Center for High Throughput Computing (CHTC) at the
University of Wisconsin–Madison, Open Science Grid (OSG),
Extreme Science and Engineering Discovery Environment (XSEDE),
U.S. Department of Energy National Energy Research Scientific
Computing Center, particle astrophysics research computing
center at the University of Maryland, Institute for Cyber-Enabled
Research at Michigan State University, and the astroparticle
physics computational facility at Marquette University. Belgium:
Funds for Scientific Research (FRS-FNRS and FWO), FWO
Odysseus and Big Science programmes, and Belgian Federal
Science Policy Office (Belspo). Germany: Bundesministerium für
Bildung und Forschung (BMBF), Deutsche Forschungsgemeinschaft
(DFG), Helmholtz Alliance for Astroparticle Physics (HAP), Initiative
and Networking Fund of the Helmholtz Association, Deutsches
Elektronen Synchrotron (DESY), and High Performance Computing
cluster of the RWTH Aachen. Sweden: Swedish Research
Council, Swedish Polar Research Secretariat, Swedish National
Infrastructure for Computing (SNIC), and Knut and Alice
Wallenberg Foundation. Australia: Australian Research Council.
Canada: Natural Sciences and Engineering Research Council of
Canada, Calcul Québec, Compute Ontario, Canada Foundation for
Innovation, WestGrid, and Compute Canada. Denmark: Villum
Fonden, Danish National Research Foundation (DNRF). New
Zealand: Marsden Fund. Japan: Japan Society for Promotion of
Science (JSPS) and Institute for Global Prominent Research (IGPR)
of Chiba University. Korea: National Research Foundation of

IceCube Collaboration, Science 361, 147–151 (2018) 13 July 2018 4 of 5

Fig. 4. Time-integrated analy-
sis 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).
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neutrinos.
several years, finding an excess emission at the location of the blazar. Thus, blazars are a source of astrophysical 
Motivated by this discovery, the IceCube collaboration examined lower-energy neutrinos detected over the previous
TXS 0506+056, was found to be undergoing a gamma-ray flare, prompting an extensive multiwavelength campaign. 

a type of quasar with a relativistic jet oriented directly along our line of sight. The blazar,−−onsistent with a known blazar
nearby supernova in 1987. A multiteam collaboration detected a high-energy neutrino event whose arrival direction was c
astrophysical neutrinos. Aside from a diffuse background, only two individual sources have been identified: the Sun and a

Neutrinos interact only very weakly with matter, but giant detectors have succeeded in detecting small numbers of
Neutrino emission from a flaring blazar
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