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OBSERVATION



RESEARCH ARTICLE
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NEUTRINO ASTROPHYSICS

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

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

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

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

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

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

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

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

"0:65 and Dec
þ5:72þ0:50

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

IceCube-170922A was consistent with the loca-

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

Searching for neutrino emission

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

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

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

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

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

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

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

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

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

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

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

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

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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at http://dx.doi.
org/10.1126/
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NEUTRINOS & TXS 0506+056

Science 361 (2018) no. 6398, eaat1378

Science 361 (2018) no. 6398, 147-151



MULTI-MESSENGER FOLLOW-UPMulti-Messenger Observations of TXS 0506+056

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

13

• chance correlation can be rejected at the 3s level [Science 361 (2018) no.6398, eaat1378]

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars and one of the most
luminous (2.8 ⇥ 1046 erg/s)

Markus Ahlers (NBI) IceCube Results July 16 & 17, 2018 slide 79

• chance correlation can be rejected at 3sigma level 

• TXS 0506+056 is among the 3% brightest AGNs in 3LAC
• one of the most luminous BL Lacs talk by Elisa Bernardini



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=2:1þ0:9

"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 =0:9þ0:6

"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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• previous 3.5sigma neutrino flare (13 +/- 5 events) 
• observed between September 2014 and March 2015
• implies neutrino luminosity of 1047 erg/s over 158 days

2014/15 NEUTRINO FLARE
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BLAZAR LIMITS

talks by Chad Finley & Kohta Murase

TeV Gamma-Ray Blazars2LAC-blazar contribution to TeV-PeV neutrinos 9

Spectrum: �0 · (E/GeV)�1.5

Blazar Class
�0

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

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

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

LSPs 1.0 � 10�12 1.9 (1.2 � 2.6) � 10�12

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

LSP-BL Lacs 1.1 � 10�12 1.4 (0.5 � 2.3) � 10�12

Spectrum: �0 · (E/GeV)�2.0

Blazar Class
�0

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

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

FSRQs 0.9 � 10�9 1.7 (0.8 � 2.6) � 10�9

LSPs 0.9 � 10�9 2.2 (1.4 � 3.0) � 10�9

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

LSP-BL Lacs 1.2 � 10�9 1.5 (0.5 � 2.4) � 10�9

Spectrum: �0 · (E/GeV)�2.7

Blazar Class
�0

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

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

FSRQs 1.7 � 10�6 3.3 (1.6 � 5.1) � 10�6

LSPs 1.6 � 10�6 3.8 (2.4 � 5.2) � 10�6

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

LSP-BL Lacs 2.2 � 10�6 2.8 (1.0 � 4.6) � 10�6

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

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

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

include systematic uncertainties.

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

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

65 This can be read o� in figure 8. The ratio function indicates in
which energy range a given flux function appears first, on average.
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�SI = �2.2, E⌫ > 10 TeV

Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in
comparison to the observed astrophysical di�use neutrino flux. The
latest combined di�use neutrino flux results from Aartsen et al.
(2015b) are plotted as the best-fit power-law with spectral index
�2.5 , and as a di�erential flux unfolding using 68% central and
90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power-law with spectral index �2.5
(blue). Percentages denote the fraction of the upper limit compared
to the astrophysical best fit value. The equal-weighting upper limit
for a flux with a harder spectral index of �2.2 is shown in green.

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

5.4. The maximal contribution to the di�use
astrophysical flux

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

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

In case we assume a proportionality between the �-ray
and neutrino luminosities of the sources, the �-weighting

Blazar stacking limits derived from Fermi-LAT AGN catalogue (2LAC) [IceCube’16]

Markus Ahlers (NBI) IceCube August 22, 2018 slide 40
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Type Model MRF

Generic blazars

(Mannheim 1995)
(A) 1.30

(B) < 0.1
(Halzen & Zas 1997) < 0.1

(Protheroe 1997) < 0.1

FSRQs

(Becker et al. 2005) 2.28

(Murase et al. 2014)

�SI = �2.0 (BLR) �CR < 12
�SI = �2.0 (blazar) �CR < 21
�SI = �2.3 (BLR) �CR < 153
�SI = �2.3 (blazar) �CR < 241

BL Lacs

(Mücke et al. 2003)
HSP (optimistic) 76.29
LSP (optimistic) 5.78

(Tavecchio et al. 2014)
HSP-dominated (1) 1.06

a HSP-dominated (2) 0.35
(Tavecchio & Ghisellini 2015) LSP-dominated 0.21

(Padovani et al. 2015) HSP (baseline) 0.75
a Predictions from Tavecchio et al. (2014); Tavecchio & Ghisellini (2015) enhanced

by a factor 3 in correspondence with the authors.

Table 5
Summary of constraints and model rejection factors for the di�use neutrino flux predictions from blazar populations. The values include a
correction factor for unresolved sources (see appendix C) and systematic uncertainties. For models involving a range of flux predictions
we calculate the MRF with respect to the lower flux of the optimistic templates (Mücke et al. 2003) or constraints on baryon to photon

luminosity ratios �CR (Murase et al. 2014).
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Figure 6. 90% C.L. upper limits on the (�µ + �µ)-flux for models of the neutrino emission from (a) generic blazars (Mannheim 1995;
Halzen & Zas 1997; Protheroe 1997), (b) BL Lacs (Mücke et al. 2003; Tavecchio & Ghisellini 2015; Padovani et al. 2015) and (c)+(d) FSRQs
(Becker et al. 2005; Murase et al. 2014). The upper limits include a correction factor that takes into account the flux from unresolved
sources (see appendix C) and systematic uncertainties. The astrophysical di�use neutrino flux measurement (Aartsen et al. 2015b) is shown
in green for comparison.

Blazar stacking limits derived from Fermi-LAT AGN catalogue (2LAC) [IceCube’16]

Markus Ahlers (NBI) Extragalactic Origin of High-Energy Neutrinos January 24, 2018 slide 12

IceCube, Astrophys.J. 835 (2017) no. 1, 45 see also talk by Andrea Palladino
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(a) Proton synchrotron modeling of TXS 0506+056
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(b) Lepto-hadronic modeling of TXS 0506+056

Figure 1. Modeling of TXS 0506+056 for the proton synchrotron (1a) and lepto-hadronic (1b) scenarios. Black dots represent data
from Ice Cube Collaboration et al. (2018), while gray points are archival data. For each model, bold lines represent the total emission in
photons (below 100 TeV) and neutrinos (above 100 TeV); dashed lines the emission from pion cascades; dotted lines the emission from
Bethe-Heitler cascades; dotted-dashed lines the proton synchrotron emission. Colours from red to blue represent increasing values of R.

case where γe,break ≥ γe,max. Given that acceptable so-
lutions are found for η = 10, we also do not explore dif-
ferent values for this parameter. We scanned the follow-
ing parameter space: δ ∈ [20, 50], with seven bins linearly
spaced; R ∈ [1015 cm, Rmax], with ten bins logarithmically
spaced; νpeak,p ∈ [1.5 × 10−8νmax, 1.5 × 10−5νmax] with ten
bins logarithmically spaced; Kp ∈ [K⋆/3, 3K⋆], with five
bins logarithmically spaced. In total we produce 3500 dif-
ferent lepto-hadronic models. Good solutions are found in
a small region of parameter space with B = 0.1 − 0.7G and
R = 2 × 1015 − 1.5 × 1016 cm for δ = 30 − 50.

Solutions with lower δ, down to δ = 20, can be found
when allowing for a detectable cooling break (above the min-
imum electron energy) in the primary electron spectrum.
Such solutions also provide a better representation of the
optical data. However, for the automated parameter scan to
be applicable to the mixed lepto-hadronic scenario, we have
restricted this study to cases of uncooled electron distribu-
tions, while verifying that there is no significant impact on
the modelling of the high-energy spectrum and the resulting
ranges of jet power and neutrino fluxes. In all solutions, the
SSC emission is largely dominating the high-energy peak,
while the lower but flatter cascade emission spectrum is re-
sponsible for most of the hard X-rays and VHE γ-rays.

The jet power is smallest for intermediate δ, large B

and small R. The minimum value is 3.5 × 1047 erg s−1,
about 40 times larger than the minimum found for proton-
synchrotron solutions. A denser proton population is needed
to compensate for the weaker B. Values of up/uB ≃ 104 −106

are inferred, indicating the energetics to be far out of
equipartition.

The neutrino spectra in the lepto-hadronic solutions are
shown in Fig. 1b. The flux level is higher than in proton-
synchrotron scenarios, and the spectrum peaks at lower en-
ergies, typically below 1018 eV. The estimated neutrino de-
tection rate is between 0.1 and 3.0 per year for the parameter
space we studied, but it should be noted that there is no ac-
tual lower limit to this rate in the lepto-hadronic scenario,

if one allows for a sub-dominant contribution of the cascade
component to the hard X-ray band.

The highest neutrino rates correspond to solutions with
the highest total kinetic energy in protons (∝ upR3) and

intermediate jet power. Detection rates of more than 0.5 yr−1

can be attained even with a jet power close to the minimum
value. When restricting the estimate to the 90% uncertainty
on the reported energy of IceCube-170922A, the detection
rate is 0.008−0.11. For the solution that provides the highest
neutrino rate, the Poisson probability for detecting one νµ
with the energy measured by IceCube during the high-state
is 5.2%, while the probability for not detecting any events
outside of the reconstructed energy interval is 5.5%.

3 DISCUSSION

The probability of detecting a muon neutrino with en-
ergy inside the reported 90% confidence interval of
IceCube-170922A during the six-month high state of the
TXS0506+056 is sufficiently high for the lepto-hadronic
scenario, but only marginal (8.5 × 10−4) for the proton-
synchrotron case. The non-detection of neutrinos with
higher energies during the same period does not significantly
constrain the scenarios. It should be noted, however, that
the uncertainty on the energy of IceCube-170922A is large
and probabilities for detecting a neutrino increase rapidly,
when allowing for higher upper limits on the neutrino energy,
due to the steeply increasing neutrino fluxes with energy ex-
pected in both scenarios.

The available data set is very constraining for one-
zone models, thanks to the good multi-wavelength cover-
age from the optical to the VHE range. One-zone SSC solu-
tions with standard parameters can be found. While proton-
synchrotron solutions are subject to degeneracy between R

and B as found in earlier studies, the mixed lepto-hadronic
solutions cover relatively small regions in the B-R parameter
space that would indicate an emitting region of typical ex-
tension 1016 cm and a location at sub-parsec distance from

MNRAS 000, 1–6 (2018)
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LEPTO-HADRONIC MODELS

• Lepto-hadronic and proton-synchrotron models 
can successfully explain the EM SED during the 
quiescent and flaring state.

• Neutrino production efficiency in one-zone 
proton-gamma models is typically low; requires 
large proton luminosities.

• Interaction with external radiation fields?
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Figure 2. Spectral energy distribution for the enhanced VHE gamma-ray emission state (a), MJD 58029 to 58030) and the lower
VHE gamma-ray emission state (LS, b)) modeled with the jet-sheath scenario with E

p,max

= 1016 eV. Symbols corresponding
to data-points from di↵erent facilities and observation epochs are described in the legend. The curves represent individual
emission components while the thick black curve shows the total predicted emission. The leptonic emission from the jet includes
synchrotron (blue loose-dashed), synchrotron-self-Compton (SSC, red loose-dash-dotted), and external Compton (EC) emission
(dark red loose-dotted). Synchrotron emission from the sheath is denoted by the green dense-dashed line. The hadronic emission
components are photo-meson-induced cascade (purple dense-dotted), Bethe-Heitler pair cascade (dark yellow double-dot-dashed)
and muon-synchrotron (yellow dash-dotted). Predicted (anti-)neutrino spectra are marked by (light-)magenta (dashed) solid
lines, the blue vertical line shows the energy ⇠290 TeV of the observed neutrino. A comparison of the two solutions is also shown
with the archival data from ASDC (c)). Results for di↵erent values of E

p,max

are compared for the enhanced VHE gamma-ray
emission state (d), MJD 58029 to 58030) and the lower VHE gamma-ray emission state (Low state, e)).
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Table 1. MAGIC flux measurements. Enhanced emission
states as discussed in the text are marked in bold.

Date E↵ective time Flux > 90 GeV

MJD [hours] [10�11 cm�2 s�1]

58020.18 1.1 < 3.56

58024.21 1.2 1.3 ± 1.3

58025.18 2.9 1.9 ± 1.0

58026.17 3.0 1.0 ± 1.0

58027.18 2.8 0.9 ± 1.0

58028.23 0.8 0.7 ± 1.7

58029.22 1.3 4.7 ± 1.4

58030.24 0.6 8.7 ± 2.0

58044.16 1.9 1.6 ± 1.2

58045.18 3.2 1.7 ± 0.9

58046.18 3.1 0.8 ± 1.0

58047.19 2.7 0.6 ± 1.0

58048.18 2.3 0.1 ± 1.0

58049.14 1.0 0.5 ± 1.7

58054.18 0.8 3.0 ± 1.6

58055.19 2.9 1.8 ± 0.9

58056.20 2.3 0.4 ± 1.1

58057.20 2.7 6.1 ± 1.2

58058.22 1.6 2.3 ± 1.6

58059.23 0.3 <7.6

Table 2. MAGIC spectral fit parameters. Normalization is
obtained at E = 146 GeV in units of 10�10 TeV�1 cm�2 s�1.

Data set MJD 58029-30 MJD 58057 Low state

E↵. time [h] 2.0 2.7 35.0

Significance [�] 5.7 7.7 5.6

Normalization 2.91 ± 0.62 3.22 ± 0.59 0.54 ± 0.13

Spectral index -3.86 ± 0.32 -4.00 ± 0.27 -3.52 ± 0.39

Table 3. Parameters for the jet-sheath model for
E

p,max

=1016.

State MJD 58029-30 Lower VHE

B [G] 2.6 2.6

E
min

[eV] 3.2⇥ 108 2.0⇥ 108

E
br

[eV] 7.0⇥ 108 9.0⇥ 108

E
max

[eV] 8⇥ 1011 8⇥ 1011

n
1

2 2

n
2

3.9 4.4

Ue [erg cm�3] 4.4⇥ 10�4 3.6⇥ 10�4

UB [erg cm�3] 0.27 0.27

Up [erg cm�3] 1.8 0.7

Pe [erg s�1] 2⇥ 1042 1.6⇥ 1042

Pp [erg s�1] 8⇥ 1045 3⇥ 1045

PB [erg s�1] 1.2⇥ 1045 1.2⇥ 1045

Figure 1. Top: Very high energy (VHE, E>90 GeV)
gamma-ray light curve of the blazar TXS 0506+056 as mea-
sured by MAGIC. Data from MDJ 58020 to MJD 58030 has
been already presented in (Aartsen et al. 2018). The col-
ored boxes mark the two periods of enhanced emission dur-
ing MJD 58029-30 and MJD 50857. The triangles at MJD
58020 and 58059 are 2 � upper limits. The dashed blue line
indicates the arrival time of the high energy neutrino event
IC-170922A (MJD 50818). Bottom: Spectral energy distri-
bution of the blazar TXS 0506+056 as measured by MAGIC
in di↵erent observation periods.

UMO-2016/22/M/ST9/00382 and by the Brazilian MC-
TIC, CNPq and FAPERJ. Part of this work is based on
archival data, software or on-line services provided by
the Space Science Data Center - ASI.
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Figure 3. Neutrino spectra due to p� interactions between protons with
fixed L0

p = 10

45 erg s�1 and external RIAF photons for the three sub-
classes of BL Lacs: LBL (solid blue), IBL (dashed green), HBLs (dot-
dashed orange). Contributions from internal photons as p� targets are also
shown (dotted blue, green and orange for LBL, IBL, HBL, respectively).

and t0p�(E
0
p), the energy loss timescale for protons via p� interac-

tions.
3. The neutrino luminosity L0

⌫ in the jet frame is evaluated by
(e.g., Murase et al. 2014):

E0
⌫L

0
⌫(E

0
⌫) ⇡

3

8

fp�(E
0
p)E

0
pL

0
p(E

0
p); E0

⌫ = 0.05E0
p. (5)

Using the Doppler factor of the emission region � = [�j(1 �

�j cos ✓)]
�1, where �j = (1 � 1/�2

j )
1/2 and ✓ ⇡ 1/�j is the

viewing angle with respect to the jet axis, the luminosity of muon
neutrinos L⌫µ in the observer frame is

E⌫L⌫µ(E⌫) =
1

3

E0
⌫L

0
⌫(E

0
⌫)�

4
; E⌫ = �E0

⌫ . (6)

Note that the factor 1/3 accounts for equipartition among the flavors
due to neutrino oscillations during propagation.

4. To evaluate t0p�(E
0
p) for this work, we account for both in-

ternal synchrotron photons from electrons accelerated in the jet,
and external photons from the RIAF. For the internal photons, we
utilize the SED models for the observed non-thermal emission de-
scribed in §2, assume that it originates co-spatially with the pro-
tons and isotropically in the jet frame, and convert the SEDs into
photon density in the jet frame using �. For external photons from
the RIAF, we utilize the models of §3 and make the simplifying as-
sumption that in the jet frame, they are nearly isotropic and uniform
with density

n0
⌫,RIAF ⇡ fext

�

2
jL⌫,RIAF

4⇡R2
RIAFhc

(7)

with RRIAF = 3 ⇥ 10

16 cm and fext ⇠ 1, where L⌫,RIAF is the
RIAF spectrum as plotted in Fig. 2. The caveats of this assumption
are discussed in §5.

The resulting neutrino spectra for each BL Lac subclass are
compared in Fig. 3, which also shows the contributions from exter-
nal RIAF and internal photons separately. To highlight the effect of
the different RIAF spectra, here L0

p = 10

45 erg s�1 has been fixed.
Most notably, the neutrino luminosity of LBLs at E⌫ ⇠ 0.1-1 PeV
is ⇠ 4 orders of magnitude larger than that of HBLs, primarily due
to the significant difference in the density of external RIAF pho-
tons in the soft X-ray range, which serve as the main p� targets
for protons with Ep ⇠ 2-20 PeV. We also see that while internal

Figure 4. SEDs for the three subclasses of BL Lacs: LBL (top), IBL (mid-
dle), HBL (bottom), showing the electromagnetic components from the jet
(solid colored) and RIAF (dot-dashed), and the neutrino components due to
internal photons (dotted), external RIAF photons (dashed), and their sum
(solid black). Note the different scales for luminosity between the panels.

photons are the most prevalent p� targets in HBLs, external RIAF
photons become relatively more important in IBLs, and completely
dominate in LBLs.

More realistically, L0
p is likely linked to Pjet and is expected

to vary among the BL Lac subclasses. An important test case is
the BL Lac TXS 0506+056, potentially associated with IceCube-
170922A, a ⇠300 TeV neutrino (Aartsen et al. 2018). While TXS
0506+056 may be classifiable as an IBL from the observed ⌫S
alone, its observed luminosity is more representative of an LBL,
especially in terms of our SED classification discussed in §2. We
assume that TXS 0506+056 is a typical LBL, emitting neutrinos
according to our model that includes external RIAF photons. With
the measured redshift of z = 0.3365± 0.0010 (Paiano et al. 2018)
and the IceCube effective area appropriate for the declination of
TXS 0506+056 (Aartsen et al. 2008), its neutrino flux must be high
enough to result in at least one ⌫µ detection during 7 years of Ice-
Cube observations in the energy range 60 TeV - 10 PeV, roughly
corresponding to uncertainty for IceCube-170922A. This translates
into a constraint on L0

p for LBLs. The values for IBLs and HBLs
follow by assuming L0

p / Pjet. With these values of L0
p for the dif-

ferent BL Lac subclasses, their neutrino spectra can be predicted as
shown in Fig. 4, together with the corresponding SEDs of the elec-
tromagnetic emission from the jet and RIAF. Tab. 2 lists the values
of L0

p and R⌫µ , the neutrino detections expected in 7 years.
Compared to the case assuming constant L0

p, the differences
between LBLs and the other, less luminous subclasses is natu-
rally magnified. As above, RIAFs play a significant role only for
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Table 7. Model-specific parameter values for leptonic models (LMs) for TXS 0506+056 discussed in the text

LMBB1a LMBB1b LMBB1c LMBB2a LMBB2b LMBB2c LMPL1a LMPL1b LMPL2a LMPL2b

L0(max)

p

[1044 erg s�1] 0.54 0.27 0.34 1 5.4 10 0.54 0.54 10 10

sp 2 2.5 3 2 2 2 2 2 2 2

�0
p,min

1 3⇥ 106 3⇥ 106 1 1 1 1 1 1 1

�0
p,max

[108] 30 30 30 1.6 0.16 0.016 30 30 0.016 0.016

u0
ext

[erg cm�3] 0.033 0.033 0.067 0.04 0.08

T 0 [K] 3⇥ 105 n/a

↵ n/a 3 2 3 2

"0
min

[keV] n/a 0.05

"0
max

[keV] n/a 5

Note—See Table 5 for parameter definitions, and Table 6 for parameter values common to all LMs. In LMBB models, the external photon
field is blackbody-like with comoving temperature T 0, while in LMPL models, it is a power-law between comoving energies "0

min

and "0
max

,
with photon index ↵. In all cases, u0

ext

is the comoving energy density of the external photon field. Note that the isotropic-equivalent
cosmic-ray proton luminosity is Lp = �4L0

p.
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Figure 4. Leptonic Model (LMBB2b) for the
TXS 0506+056 flare (Ep. 1). Two SED cases (gray
lines) are plotted against the observations (colored points,
showing allowed ranges at 90% confidence), one with
hadronic component set to the maximum allowed proton
luminosity L(max)

p ⇡ 2 ⇥ 1050 erg s�1 (solid gray), and the
other set to twice this maximal value (dashed gray line).
Corresponding all-flavor neutrino fluxes for the maximal
(solid red) and “twice maximal” (dashed line) cases are
also shown. Photon attenuation at "� ⇠> 3 ⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.

In what follows, we show that our neutrino flux limits
are fairly insensitive to the exact parameter values that
may a↵ect the photomeson production optical depth.
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Figure 5. Upper limits on the all-flavor neutrino (⌫ + ⌫̄)
fluxes predicted for our modeling of the SED in the leptonic
(LMx) and hadronic (HMx) models.

Proton maximum energy — Motivated by the hypoth-
esis that blazars are UHECR accelerators, i.e., at ener-
gies above 3 ⇥ 1018 eV (Murase et al. 2012), we ex-
plore the e↵ect of the proton maximum energy on the
neutrino flux upper limits. We thus explore cases with
�0
p,max = 1.6 ⇥ 108, 1.6 ⇥ 109, and 3 ⇥ 109 – see Ta-

ble 7. Our results on the neutrino fluxes are presented
in Fig. 5.
Neutrino spectra in the LMBB1x models are more

extended in energy compared to the default case
(LMBB2b). They peak around 10 PeV (100 PeV) for
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expectation of an associated HE neutrino detection by
IceCube.

3.3. Hadronic Models (HMs)

In hadronic scenarios, while the low-energy peak in the
blazar’s SED is explained by synchrotron radiation from
relativistic primary electrons, the HE peak is explained
by EM cascades induced by pions and muons as de-
cay products of the photomeson production (Mannheim
1993; Mücke et al. 2003), or synchrotron radiation from
relativistic protons in the ultrahigh-energy range (Aha-
ronian 2000; Mücke et al. 2003). We coin this scenario
“HM”, which stands for Hadronic Model, in reference
to the hadronic origin of the �-rays. The synchrotron
and IC emission of secondary pairs may have an im-
portant contribution to the bolometric radiation of the
source. In contrast to the leptonic scenario (Sec. 3.2),
the parameters describing the proton distribution can be
directly constrained from the NuSTAR and Fermi LAT
data. For the TXS 0506+056 flare, in the hadronic sce-
nario, the SED can be fully explained without invoking
external radiation fields.
There are di↵erent combinations of parameters that

can successfully explain the SED in the HM sce-
nario (Böttcher et al. 2013; Cerruti et al. 2015). As
a starting point, we search for combinations of � and
B0 that lead to rough energy equipartition between
the magnetic field and protons, since the primary elec-
tron energy density is negligible in this scenario. With
analytical calculations we derive rough estimates of the
parameter values for equipartition: �eq ⇠ 5, B0

eq ⇠ 80 G,
R0

eq ⇠ 1016 cm, and "0p,max ⇠ 109 GeV (Petropoulou &
Dermer 2016).
The parameter values obtained by numerically mod-

eling the SED (see Fig. 6) are summarized in Table 8
and are similar to the estimates provided above. The
jet power computed for this parameter set (HM1) is
close to the minimum value expected in the hadronic
scenarios. More specifically, the absolute power of a
two-sided jet inferred for these parameters is Lj ⇡
2⇡cR02(�/2)2(u0

p + u0
e + u0

B) ⇠ 4 ⇥ 1047 erg s�1, with
u0
p ⇡ 2u0

B ⇠ 500 erg cm�3, where u0
p, u

0
e, u

0
B are comov-

ing energy densities of relativistic protons, electrons, and
magnetic fields, respectively. As demonstrated in Fig. 6,
the emission from the EM cascade forms a “bridge” be-
tween the low-energy and high-energy peaks of the SED
for � = �eq (gray dotted line). Despite minimizing the
power of the jet, the adopted set of parameters for HM1
cannot explain the SED due to the associated significant
EM cascade component.
The EM cascade emission can be suppressed if the

source becomes less opaque to the intra-source �� ab-

Table 8. Parameter values for hadronic models (HMs) for
TXS 0506+056 discussed in the text and presented in Fig. 6.

HM1 HM2 HM3

B0 [G] 85

R0 [in 1016cm] 2 3 4.5

� 5.2 10 15

L0
e [in 1043 erg s�1] 9.3 0.6 0.06

se,1 1.8

se,2 4.2 3.6 3.6

�0
e,min

[in 102] 6.3 1 1

�0
e,br [in 102] 7.9 6.3 5

�0
e,max

104

L0
p [in 1046 erg s�1] 2.7 0.1 0.01

sp 2.1

�0
p,min

1

�0
p,max

2⇥ 109

Note—Parameter definitions are provided in Table 5.
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Figure 6. Hadronic Model (HM3) for the SED of
TXS 0506+056 flare (Ep. 1), as computed for di↵erent values
of the Doppler factor (gray curves), together with resulting
all-flavor neutrino fluxes (red curves) and electromagnetic
observations (colored points, showing allowed ranges at 90%
confidence). Photon attenuation at "� ⇠> 3⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.
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Blazar Flares as an Origin of High-Energy Cosmic Neutrinos? 9

Following Dermer et al. (2014), let us assume that
CRs are accelerated via the second-order Fermi ac-
celeration mechanism. The maximum energy acceler-
ated in the blazar zone can be εcr/Z ∼ 1 − 10 PeV,
where εcr is the CR ion energy and Z is the nuclear
charge. The CR acceleration zone can be the γ-ray
emission site or inner regions of the blazar zone, and
disintegrated nuclei are accompanied by not only pro-
tons but also neutrons (e.g., Murase & Beacom 2010;
Rodrigues et al. 2018). The protons may lose en-
ergy via adiabatic losses during the confinement in
the blazar zone, while neutrons can escape. The neu-
tron luminosity is given by εnLεn ≈ (1/2)fAγ(εcrLεcr),
where fAγ is the effective optical depth to the pho-
todisintegration process (Murase & Beacom 2010) and
εcrLεcr is the CR ion luminosity. For neutron pro-
duction in the γ-ray emission region, we have fAγ ∼
0.1 (εγLεγ/10

46 erg s−1)(δ/20)−3l′−1
17 (εγ/1 eV)−1

(ε′cr/ε̃
′
Aγ,syn)

β−1, where ε̃′Aγ,syn = 0.5mAc2ε̄GDR/ε′syn
and ε̄GDR ∼ 20 − 30 MeV. This also implies that the
neutron emission may predominantly come from smaller
dissipation radii at which efficient photodisintegration
(i.e., fAγ ∼> 1) occurs.
In single-zone models, the neutrino flares of TXS

0506+056 require unpleasantly large CR luminosi-
ties (Keivani et al. 2018). This problem still exists at
some level even in multi-zone models, although it can
be alleviated in the CR beam model in the sense that
the meson production efficiency is enhanced by addi-
tional target photons or nucleons. One should keep in
mind that observations and modeling of radio galaxies
(based on larger-scale jets than the blazar zone) have
shown that the absolute jet power averaged over the
lifetime of the AGN jet is Pj ∼< 1045 − 1046 erg s−1

for Fanaroff-Riley I galaxies (Cavagnolo et al. 2010;
Godfrey & Shabala 2013) that are believed to be off-axis
counterparts of BL Lacs. For the supermassive black
hole mass MBH, the Eddington luminosity2 is LEdd ≃
1.3 × 1047 erg s−1 (MBH/109 M⊙). Ghisellini et al.
(2014) showed that the absolute jet power of blazars
may exceed the accretion luminosity, and our study
implies that the flaring jet power is larger than the
time-averaged one by bfl/ffl ∼ 3 − 10. The isotropic-
equivalent CR luminosity during the flaring phase can
then be written as Lfl

cr ≈ (2/θ2beam)ϵcrPj(bfl/ffl) ≃ 6.0×
1049 erg s−1 (θbeam/0.05)

−2(ϵcr/0.2)(bflf
−1
fl /10)

(Pj/0.3LEdd)(MBH/10
9 M⊙), where ϵcr is the energy

fraction carried by CR ions and θbream is the open-

2 The X-ray observations (Keivani et al. 2018) indicate that
the disk luminosity in the X-ray range has to be lower than
3× 1044 erg s−1, which is consistent with the common belief that
BL Lacs are associated with radiatively inefficient accretion disks.

Figure 2. Schematic picture (not in scale) of the CR-induced
beam model for high-energy neutrino production. See text
for details (see also Murase et al. 2014; Dermer et al. 2012).
While the neutrino emission is highly beamed, the associated
cascade emission in the X-ray range is isotropized.

ing angle of the CR beam. The neutron luminos-
ity during the flaring phase results in Lfl

n ≃ 3.0 ×
1049 erg s−1 fAγ(θbeam/0.05)

−2(ϵcr/0.2)(bflf
−1
fl /10)

(Pj/0.3LEdd)(MBH/109 M⊙).
The neutrons that leave the CR acceleration zone

propagate along the jet and may interact with exter-
nal radiation fields that could exist on larger scales or
perhaps a dense cloud. For LSPs and ISPs like TXS
0506+056, it is possible to invoke such a setup. For ex-
ample, if the jet is structured, non-thermal photons can
be provided by the sheath region. Moreover, a fraction
of UV and X-ray emission from the accretion disk can
be scattered by clumps of matter that may be present
at outer radii. In addition, there could be high-velocity
clumps such as the broad-line region although they are
usually seen in FSRQs. Note that the neutrons with
γn ∼ 107 − 108 can travel ∼ 0.1− 1 kpc.
Interestingly, the detailed modeling of the SED of TXS

0506+056 (Keivani et al. 2018) already suggested that
such an external radiation field is necessary to explain
the X-ray and γ-ray spectrum. If this is the case, it
is natural for escaping CRs to keep interacting with the
ambient photons, leading to the production of more neu-
trinos.
As a toy model, we assume that the decelerated jet

or slower jet of the sheath region provides soft pho-
tons with a luminosity of Lext ∼ 3 × 1045 erg s−1

and the characteristic energy at εext ∼ 10 eV, over
a length scale of Rext ∼ 3 × 1019 cm. The external
radiation energy density is Uext ≈ 3Lext/(4πR2

extc) ∼
3 × 10−5 erg cm−3, which is consistent with the pa-
rameters used in Keivani et al. (2018). Noting σ̂nγ ≈
σ̂pγ , the photomeson production efficiency is fnγ ≈

[ηnγ σ̂nγ3Lext/(4πRextcεext)](εn/ε̃nγ,ext)
β−1 ∼ 3 ×
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MODELLING OF 2014/15 FLARE

talks by Anita Reimer & Simone Garrappa

• No Fermi-LAT flare observed in coincidence with 2014/15 
neutrino flare.

• Neutrino luminosity is 5 times larger than the gamma-ray 
luminosity.

• Are these two intrinsically different flares?

• Is there necessarily a connection between Fermi-LAT and 
IceCube energy range?

• Is there evidence of a spectral hardening, indicating VHE 
flares?



MORE NEUTRINO FLARES!

talks by Simone Garrappa & Matthias Kadler

• 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 and “Big Bird”  (Kader et al. 2016)

• AGL J1418+0008 and IC-160731 (Lucarelli et al. 2017)

• GB6 J1040+0617 and IC-141209A
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